Towards an optimal management of the invasive plant Rubus niveus in the Galapagos Islands by Renteria Bustamante, Jorge Luis
  
 
 
 
 
 
 
Towards an optimal management of the invasive plant 
Rubus niveus in the Galapagos Islands 
 
 
 
Jorge Luis Rentería Bustamante 
Faculty of Natural Sciences, Division of Biology, Silwood Park Campus, 
Ascot, Berkshire, SL5 7PY, U.K. 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy 
Imperial College London 
 
 
 
October 2011 
  
2 
Abstract 
Management actions to mitigate the impacts of invasive plant species require knowledge 
of the mechanisms influencing invasion success and anticipating interactions with 
various control options. To meet this need, I examined the impacts of the invasive plant 
Rubus niveus on the native communities of the Scalesia forest of Santa Cruz Island; its 
competitive abilities compared to some native, woody, species; and, factors affecting the 
invasion process. This knowledge was then used to evaluate and understand the failure of 
a five year eradication attempt of R. niveus on Santiago Island. Increasing densities of R. 
niveus had a negative effect on plant diversity and abundance also resulting in changes 
of forest structure. Experimental plots were used to elucidate mechanisms of how it 
displaced native species. Rubus niveus showed a faster growth rate and biomass 
production than native woody species; it also had a vastly larger seed bank. Increasing 
sunlight positively affected the growth, biomass production and reproduction of adult 
plants whereas germination was optimal at intermediate light conditions. Conversely, 
water stress affected mainly the performance of R. niveus whereas native species were 
more resilient. Although increasing native canopy cover negatively affected density of R. 
niveus, it still survived under low light conditions. The implication is that R. niveus 
rapidly invades after individual tree-falls or stand dieback but also is capable of invading 
undisturbed forest. After five years of intensive management of R. niveus in Santiago 
Island eradication seems unlikely. The invasion area continues to expand because: a 
failure to find all plants before they fruit, bird dispersal over long distance and the ability 
to colonize undisturbed areas and outcompete native vegetation. Furthermore, 
management actions have altered ecosystem processes. A more strategic paradigm in 
needed for R. niveus in Galapagos. 
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Chapter 1  
General introduction 
1.1 Invasive species and conservation 
The spread of exotic organisms into new regions around the world has had a profound 
impact on human and ecological communities. Invasive exotic species are non-native 
species that have been introduced into a foreign ecosystem and had negative impacts on 
their adopted habitats (Davis 2000, Pyšek et al. 2004, Denslow 2007). The impact can be 
economic, social or environmental (Denslow 2007) and includes the reduction of 
economic viability of land, alteration of natural and managed ecosystems leading to 
changes in ecosystem function; invasive species have been also implicated as a major 
cause of extinction of native species (Vitousek et al. 1996, Mooney and Hobbs 2000). 
Invasive species are estimated to cost the world $US 1.4 trillion per year through losses 
in agriculture and forestry (Pimentel 2001). Although economic cost to natural systems is 
much more difficult to estimate invasive species are thought to be the second most 
serious threat after habitat loss (Vitousek et al. 1997). 
The continuum of  colonisation - naturalisation - invasion and characteristics that make a 
plant species invasive have been much studied (Richardson 1989, Williamson 1996, 
Mooney and Hobbs 2000, Weber 2003, Richardson and Pyšek 2006). Successful invaders 
often share traits including discontinuous seed germination, extended seed bank 
longevity, rapid growth of seedlings, a short juvenile period, high output of seeds in 
favourable environments, the ability to produce some seed under a wide range of 
environmental conditions, adaptations for long- and short-distance seed dispersal, and 
1 General introduction 
 
 
11 
multiple reproduction mechanisms (Baker 1974, Crawley 1986, Pyšek et al. 1995, 
Rejmánek and Richardson 1996, Lloret et al. 2005). 
However, not all species with traits that promote invasion mentioned above become 
invasive as the success also depends on external interactions with the native community 
and the environmental characteristics of the new ecosystem (Maron and Vila 2001, 
Keane and Crawley 2002, Bryson and Carter 2004, Lloret et al. 2005). For example an 
absence of natural enemies can help a species invade by allowing for greater investment 
in growth instead of defence; direct chemical (allelopathic) interference with native plant 
performance and variability in the responses and resistance of native systems to invasion 
(Fowler 1982, Blossey and Notzold 1995, Callaway and Aschehoug 2000, Jakobs et al. 
2004). Hence, no species can equally threaten all ecosystems invasive as potential of a 
species is limited by its biogeographical origins and interactions with other species in the 
new environment (Colautti and MacIsaac 2004). 
Characteristics of a habitat also play a major role in determining the success or failure of 
a potential invader (Levine 2004).While habitats that have more diverse communities are 
often thought to be highly competitive and resistant to invasion, studies suggest that at 
large scale, the reverse may occur (Crawley 1987, Lonsdale 1999, D'Antonio et al. 2001, 
Von Holle and Simberloff 2005). However, if species-poor communities are more readily 
invaded, then it is not surprising that islands, which are generally species-poor due to 
dispersal limitations, have reduced colonisation and high local extinction, exhibit higher 
rates of invasion and species replacement (Vitousek et al. 1996) than species-rich 
communities. Furthermore, species-poor communities experience less intense 
competition, due to low species richness, and have simple food chains; thus an impact on 
one species will affect the entire community (Simberloff 1995, Randall 1996, Williamson 
and Fitter 1996). Resource competition is a critical factor determining the likelihood of 
plant invasions; because it often determines plant community composition, changes in 
resource availability due to natural or anthropogenic disturbance can upset the balance of 
competition within communities, creating opportunities for novel species to invade 
(Davis et al. 2000, Fotelli et al. 2005). 
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1.1.1 Impacts of invasive plant species 
Invasive, exotic plants are an actual or potential problem in both agricultural and natural 
ecosystems throughout the world; especially in oceanic islands with naturally 
impoverished biodiversity and thus fragile ecosystems (Vitousek et al. 1987, Loope et al. 
1988, Simberloff 1995). Once exotic species establish in new ecosystems, they can have 
impact on the indigenous flora and fauna, leading to loss of biodiversity, and possibly 
irrevocable habitat change (Cronk and Fuller 1995, Binggeli 1996). 
Invasive plant species often alter plant community diversity structure and ecosystem 
functioning (D'Antonio and Vitousek 1992, Levine et al. 2003, Vilà et al. 2011). The 
consequences of invasive species on community and ecosystem processes can be 
profound. These include displacement of native species, changes in species diversity, 
alteration of site productivity, changes in biogeochemical processes, and disruption or 
creation of new pathways in the local food web (Vitousek et al. 1996, Gurevitch and 
Padilla 2004, Ehrenfeld 2010). 
 
1.1.2 Managing invasive plant species 
The management of invasive species has become an important conservation issue 
particularly on islands where invasive introduced plant species are major agents of 
environmental change (Reaser et al. 2007). If possible, early detection of a potentially 
invasive species and its elimination before it establishes is a cost effective approach that 
also prevents irreparable ecosystem modification. Eradication is often seen as the 
preferred course of action because, apart from the need to invest in a quarantine system, 
there is only a single payment, while other alternatives require permanent, ongoing 
investment of resources, unless an effective self-sustaining biological control can be 
1 General introduction 
 
 
13 
implemented (Zavaleta 2000, Wittenberg and Cock 2001, Cunningham et al. 2004, 
Panetta and Timmins 2004). For plants, eradication is only applicable to species with 
known limited distributions, that are easily detectable, with a short lived seed bank, and 
whose method of control is known (Panetta 2004, Buddenhagen 2006, Panetta 2009, 
Gardener et al. 2010a). 
Thus for most plant invasions, eradication may not be feasible and populations of 
invasive species must be managed strategically to reduce impacts to an acceptable level 
with the resources available (Wittenberg and Cock 2001, Zavaleta et al. 2001, Denslow 
2007). There are numerous specific methods for controlling invasive plant species. These 
can be grouped into biological, mechanical and chemical control. In comparison with 
other methods, classical biological control, when it is successful, is highly cost-effective, 
permanent, self-sustaining and ecologically safe because of the high specificity of the 
agents used (Hobbs and Humphries 1995, Wittenberg and Cock 2001). Mechanical 
control is highly specific to the target, but always very labour-intensive, and often results 
in large-scale disturbance. Chemical control using herbicides is the most commonly used 
form of control and is very effective in the short term. The major drawbacks are the high 
costs of chemicals, the need for on-going treatment, the non-target effects and the 
possibility of the pest species evolving resistance (Hobbs and Humphries 1995, 
Wittenberg and Cock 2001).  
While the short term aim of chemical control is to kill invasives, this must be seen as an 
interim in the goal of habitat restoration. In some cases, the elimination of an invasive 
species has led the establishment of native communities (Prach et al. 2001, Buckley 
2007). On the down side however, disturbance caused by repetitive herbicide control 
actions may alter some biotic and abiotic factors (“thresholds”), preventing spontaneous 
regeneration of native species (Hobbs and Norton 1996, Reinhardt and Galatowitsch 
2008). It is unlikely that a degraded system can recover without intervention; restoration 
of critical functional groups, mitigation of environmental stressors where necessary, 
reduction in exotic sources of disturbance and elimination of propagule pressure are 
likely to improve the biotic resistance of the native community (Denslow 2007). Ideally, 
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successful management should result in the re-establishment of a community similar to 
that of a pre-defined reference community (D'Antonio and Meyerson 2002, Sheley 2006); 
however, often this is not possible (Hobbs et al. 2009). As every system is different, a 
monitoring programme will be necessary to assesses benchmarks reflecting management 
goals and will highlight need for management adjustments as more is learned about 
effectiveness of control method and restoration processes (Sheley and Krueger-Mangold 
2003, Sheley 2006, Denslow 2007). 
A range of factors influence decisions on invasive plants control, but the extent of 
infestations combined with the prospects for achieving management objectives seem to 
be highly influential. In natural ecosystems, a fundamental issue on which management 
decisions need to be based is the impact (potential or actual) that a particular invasive has 
on the long-term conservation of biological diversity (Adair and Groves 1998). 
 
1.2 The Galapagos Islands 
Galapagos is an isolated oceanic archipelago of volcanic islands lying 1,000 km west of 
Ecuador, straddling the equator. The islands have never been connected to the mainland 
and range in age from 1 to 3.3 million years (Simkin 1984). There are 15 main islands 
and approximately 40 islets in the Galapagos archipelago. The vegetation of Galapagos is 
determined largely by orographic rainfall and is therefore strongly zoned by altitude 
(Wiggins and Porter 1971). Progressing from arid lowlands to humid highlands, these 
zones are most commonly defined as: Littoral, comprising mangroves, dune vegetation 
and other coastal communities; “Arid” (actually semi-arid), comprising scrub and light 
woodland dominated by cacti; Transition, comprising more or less closed woodland; and 
Humid, which is broken into a number of sub-zones that vary between islands, but which 
include Scalesia Zone forest, Miconia Zone dense scrub, and Fern-sedge Zone highlands 
(Figure 1.1). Biodiversity is therefore highest on the larger, more climatically diverse 
islands. Plant endemicity is highest in the Arid Zone, which is represented on all except 
the smallest islets (Tye 2006). 
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                              Figure 1.1 The Galapagos Islands and vegetation zones. 
 
The Galapagos National Park (GNP) comprises 97% of the area of the islands with the 
remaining area towns and rural communities. The Galápagos Islands are renowned for 
their unique biological diversity and as a natural laboratory for evolutionary studies, in 
part due to their high endemism and late human settlement (Tye 2006). Of the 560 native 
plant species in Galapagos, 32% are endemic including seven genera (Mauchamp and 
Aldaz 1997). 
 
1.2.1 Invasive plant species in the Galapagos Islands 
Invasive alien plant and animal species are one of the biggest threats to the unique 
biodiversity of the Galapagos Archipelago (Loope et al. 1988, Bensted-Smith 2002). The 
number of reported introduced plant species in the Galapagos Islands has increased from 
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77 in 1971 (Wiggins and Porter 1971) to 870 in 2008 (Guézou et al. 2010). Most alien 
plant species are found in the more humid highlands of the four larger inhabited islands 
with well-established agricultural settlements (Moll 1990, Guézou et al. 2010). It is 
evident that the threat from introduced plants is greatest in the Humid Zones (Moll 1990) 
where agricultural development already destroyed much of the original vegetation, so that 
remaining areas of native vegetation are small, patchy, and adjacent to agricultural areas 
that serve as sources of inocula (Moll 1990, Tye 2001, Mauchamp and Atkinson 2010). 
Most introduced plant species have not significantly affected the ecological balance of 
the islands. However, around 30 species have invaded large areas and/or appear to be 
adversely affecting the natural ecosystem to some degree, more than simply occupying 
space within an existing community (Tye 2001). Although the impacts of invasive plants 
in the natural ecosystems of Galapagos may be widespread, studies attempting to 
determine if and how invasive plant species have affected the Galápagos ecosystem are 
scarce (Shimizu 1997). There have been few rigorous studies looking at the effects of the 
invasions; however there is evidence that some species have caused drastic habitat 
changes, forming monospecific stands, shading out or otherwise replacing native 
vegetation communities, or preventing seedling regeneration (Tye 2001). Some invasive 
plant species, such as the tree Cinchona pubescens, have been associated with drastic 
effects on the local plant communities, particularly on endemic and locally rare species 
(Jäger et al. 2007) but suprisingly have not yet resulted in extinctions (Jäger et al. 2009). 
The worst effects seem to be caused by woody species, especially trees such as Psidium 
guajava, Cedrela odorata  and Cinchona pubescens and bushes that form impenetrable 
thickets, such as Lantana camara and Rubus niveus (Tye 2001). 
 
1.2.2  The Scalesia Forest 
Historically, the humid zone was covered in a forest type dominated by the endemic tree 
Scalesia pedunculata (Asteraceae) on Santa Cruz, Floreana, San Cristóbal and Santiago, 
while Scalesia cordata (Asteraceae) forests were present on Isabela. On San Cristobal 
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and Santiago the forest has almost disappeared, while on Santa Cruz and Floreana it is 
threatened by land clearing and invasive species (Hamann 1981, Itow and Mueller-
Dombois 1988). 
The Scalesia forest at Los Gemelos on Santa Cruz Island (600 m a.s.l.) is one of the few 
remnants of this native vegetation in the humid zone of the inhabited islands of 
Galapagos (Itow 1995). The Los Gemelos (referring to the twin volcanic craters) forest 
covers about 100 ha and as indicated by its name, the Scalesia forest is dominated by the 
endemic tree S. pedunculata and includes many endemic and native flora and fauna 
(Hamann 2001, Mauchamp and Atkinson 2010). S. pedunculata is the largest of the 
Scalesia species; it is a tree, up to 15m tall, and is often dominant or even mono-
dominant in the forest. During an El Niño, ocean temperatures dramatically increase, 
leading to high precipitation and cool air temperatures (Itow and Mueller-Dombois 1988, 
Tye et al. 2001). Years following an El Niño are often marked by drought. Although 
native species are adapted to these events, and some—such as Scalesia—are even 
dependent on them for regeneration, the major events lead to openings in the forest 
canopy that provide opportunities for the spread of alien and invasive species already 
present (Itow and Mueller-Dombois 1988, Shimizu 1997). 
This forest has been severely invaded by a number of introduced plant species including 
the cuban cedar (Cedrela odorata), guava (Psidium guajava), toxic jasmine (Cestrum 
auriculata), hill blackberry (Rubus niveus), wandering jew (Tradescantia fluminensis) 
and the passion fruit vine (Passiflora edulis), among others (Shimizu 1997, Hamann 
2001, Rentería and Buddenhagen 2006). 
 
1.3 Invasive Rubus niveus  
Rubus niveus Thunb. (Rosaceae), commonly known as blackberry or hill raspberry, is a 
thorny, perennial scrambling shrub growing 3 to 4.5 m high, with cylindrical, flexible 
stems downy when young, later purple and coated with a white powder. It is completely 
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covered with sharp, hooked thorns. The leaves, 10 to 20 cm long, are composed of 5 to 9 
elliptic-ovate leaflets 2.5 to 6.2 cm long, coarsely toothed, dark-green above and, 
pubescent on the underside, with sharp spines along the rachis, petiole and midrib. The 
flowers are pink or red-purple, 5-petalled, 1.25 cm across, and occur in axillary and 
terminal clusters. The fruit is rounded-conical, flat at the base; compound, made up of 
individual drupelets; red when unripe, purple-black when ripe; 1.25 to 2 cm in diameter, 
juicy and of sweet, rich black-raspberry flavour. The clusters may contain as many as 20 
fruits. (Morton 1987, Wagner et al. 1999) (figure 1.2). 
 
          
                                            
                                          Figure 1.2 Rubus niveus Thunb. (Rosaceae) 
 
Rubus niveus is a thorny, perennial shrub native to India, to south-eastern Asia, the 
Philippines, and Indonesia (Morton 1987). This species has a remarkable climatic range 
in Asia, from near sea level to montane environments at 3,000 m. Although not well 
defined, R. niveus is not resistant to drought or frost (Morton 1987, Wagner et al. 1999). 
In places with harsh winters the species behaves as an annual plant growing back each 
spring from the seed bank or roots, while in most tropical areas it can grow all year round 
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(Morton 1987, FCD and DPNG 2009). The plant is cultivated throughout the world for its 
heavy production of sweet fruit. Rubus niveus has been introduced into Central America, 
South America, United States (Florida and Hawaii), South Africa and Australia (figure 
1.3). In Hawaii, there are two different morphotypes of the species (red and white 
stemmed); in other areas only the white stemmed form is present. The two most common 
synonyms are R. lasiocarpus and R. albescens (FCD and DPNG 2009). 
 
 
             Figure 1.3 Global distribution of Rubus niveus, based on FCD and DPNG (2009) 
 
1.3.1 Rubus niveus in the Galapagos Islands 
R. niveus was introduced to the Galapagos Islands for agricultural purposes; to Santa 
Cruz in the late 1960s and San Cristóbal in the early 1970s (Lawesson and Ortiz 1990). 
Subsequently, it has been discovered in Floreana (2000), the two volcanoes of the Isabela 
islands, Sierra Negra (1995) and Cerro Azul (2000) and Santiago (2001) (Itow 2003, 
Atkinson et al. 2008). Rubus niveus has invaded open vegetation, shrub land and forest 
alike. It forms dense thickets up to 4 m high, replacing native vegetation, and threatening 
many rare endemic plants. On farmland, R. niveus renders farmland useless and is 
difficult and expensive to control. Rubus niveus is a serious problem on Santa Cruz and 
the San Cristóbal islands, and it has recently become a problem in Santiago and the 
Floreana islands where its presence has been more evident after the eradication of goats 
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on the islands (Atkinson et al. 2008). Rubus niveus is one of the worst weeds threatening 
the Galapagos National Park. It is estimated that 30,000 ha are already invaded and its 
potential distribution could be 90,000 ha (Atkinson et al. 2008). 
In Galapagos, R. niveus grows rapidly from seeds, and also produces root suckers and 
daughter plants from cane tips as vegetative reproduction. Seedlings are tolerant to shade 
and can reach maturity at 6 to 8 months (Atkinson et al. 2008). The plant produces fruits 
all year round and can form a large seed bank with 7,000 seeds/m². Seeds are known to 
be dispersed by rats and birds (Landázuri 2002, Buddenhagen and Jewell 2006, Soria 
2006, Guerrero and Tye 2009). 
So far, no studies have been carried out on the impacts of R, niveus on the native 
communities; however in natural areas this species forms dense mono-specific understory 
thickets especially in canopy openings that result from tree-fall or herbicide control. 
Although there is a paucity of quantitative information available on the impacts of R. 
niveus, based on observation, R. niveus is causing significant negative impact on native 
communities and ecosystem functions. Rubus niveus is not alone in this respect: the 
genus contains 79 species that are known to be a problem in at least one country in the 
world (Randall 2002) and there is evidence from Hawaii, Australia and La Réunion, of 
negative impacts of Rubus spp. on natural ecosystems (Adair and Bruzzese 2006, Tassin 
et al. 2006). 
 
1.3.2 Management of Rubus niveus in Galapagos  
Herbicides have been used as the primary tool for controlling R. niveus in Galapagos 
although manual cutting is often used for short term removal of adult plants. In the 
National Park effort has been concentrated on repetitive herbicide application of 
glyphosate or picloram, especially in areas with high ecological values (e.g. Los Gemelos 
in Santa Cruz Islands) or with limited infestations or recent introductions where 
eradication is thought to be possible. For example on Santiago island, the estimated 
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invaded area in 2007 was approximately of 30 ha and it was calculated that eradication of 
R. niveus would be achieved within 15 years, at an estimated cost of $US 150,000 per 
year, totalling $US 2.25 million (Atkinson et al. 2008). We will see later in the thesis that 
this estimate was ambitious. The fragment of forest at Los Gemelos in Santa Cruz has 
been included in management plans of National Park Directorate for its restoration 
because of its biological and tourist importance. Intensive control of R. niveus and 
reforestation has been carried out during the last decade with the aim of reducing the 
impact and restore the degraded areas; however the long term outcomes of such 
management actions are unknown and are costly (approximately $100,000/year G. Garcia 
pers. comms.). 
As described above, management of R. niveus has focussed on using herbicides in 
infested areas. An area requiring more attention is the possibility of using alternative 
control methods such as pre-emergent herbicides, plant competition, biocontrol, etc. as an 
integrated pest management approach. While there is some information on reproduction, 
seed bank dynamics, seed dispersal (Tye 2001, Landázuri 2002, Buddenhagen and Jewell 
2006, Soria 2006, Guerrero and Tye 2009), this alone is insufficient to understand the full 
complexity of the Rubus invasion. In addition, if the aim of controlling R. niveus in 
highly invaded natural areas such as Los Gemelos is to restore ecosystem processes, a 
better understanding of the population dynamics of introduced and native species and an 
understanding of the causes of population decline, failure of natural regeneration, or 
alteration of ecosystem processes is necessary (Sheley 2006, Denslow 2007). An 
effective strategy to control R. niveus should include effective control techniques, which 
eliminate the noxious weed, prevent its reinvasion and promote establishment of native 
plant species and communities (D'Antonio and Meyerson 2002, Denslow 2007, Hansen 
2007). 
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1.4 Research Outline 
This research project aims to establish a baseline to develop a full strategy to improve the 
management of the invasive R. niveus in the Galapagos Islands, focusing on its impact in 
the threatened Scalesia forest.  
First, I elucidate and document the ecological impacts of invasive R. niveus on the native 
plant communities of the Scalesia forest. The principal aim was to assess if there is a 
broad-scale relationship between R. niveus abundance and native vascular plant species 
diversity and abundance in the Scalesia forest communities (Chapter 2). Second, I tested 
the hypothesis that the mechanism enabling R. niveus to successfully invade is its 
superior competitive ability over native species. I compared the relative competitiveness 
of R. niveus with four of the most common woody native species of the Scalesia forest. I 
measured the above and below ground biomass of native species growing alone and 
growing with R. niveus to determine relative competitiveness under different stress 
conditions. I assessed the potential for restoration of infested areas by looking at the seed 
bank and regeneration process after herbicide control (Chapter 3). Third, I examined the 
effects of the forest canopy cover and light availability on the presence, patterns of 
germination, growth and reproduction of R. niveus as possible factors affecting the 
invasion success of R. niveus in the Scalesia forest (Chapter 4). Finally, I evaluated a five 
year herbicide control program aimed at eradication of R. niveus in Santiago Island using 
delimitation and extirpation criteria, as well as assessment of the community response to 
management action by comparing the composition of the seed bank and vegetation where 
R. niveus had been controlled with that in non-invaded vegetation (Chapter 5). 
  
 
Chapter 2  
Impacts of the invasive plant Rubus niveus on the native 
vegetation of the Scalesia forest in Galapagos 
Abstract 
Originally from Asia, Rubus niveus has become one of the worst invasive plant species in 
the Galapagos Islands. Rubus niveus has invaded open vegetation, shrub land and forest 
alike. It forms dense thickets up to four meters high, replacing native vegetation, and 
threatening several native communities. This study assesses the ecological impacts of R. 
niveus on the native plant communities and soil properties of the last remaining fragment 
of Scalesia forest in Santa Cruz Island, Galapagos. Vascular plant species composition 
and structure was assessed across a R. niveus invasion gradient. High levels of invasion 
of R. niveus were associated with a reduction in species diversity, abundance and a 
change in forest structure. Species diversity and abundance were lower for herb, shrub 
and tree species, whereas fern species showed higher resilience to the R. niveus invasion. 
There was a substantial difference in vegetation structure, with a tall closed forest in non 
infested areas compared to a low shrubland dominated by R. niveus in highly infested 
areas. Significant differences in the biological parameters measured were detected when 
the R. niveus cover was over 60% - this can be considered a threshold for impact. 
However, effects of R. niveus invasion on soil proprieties of Scalesia forest were less 
evident. 
 
This chapter is the basis of: Renteria, J. L., Gardener, M. R., Panetta, D. F. and. Crawley, M. J. Impacts of 
the invasive plant Rubus niveus on the native vegetation of the Scalesia forest in Galapagos, PLoS ONE, In 
prep. 
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2.1 Introduction 
Plant invaders can alter ecosystem structure and function, and reduce habitat for native 
species (Di Castri et al. 1990, Vitousek et al. 1997). The invasion of alien species 
threatens ecosystem processes and species diversity at both a community and ecosystem 
scale (Vitousek, Dantonio et al. 1996; Gurevitch and Padilla 2004). At the community 
level, weeds may have an effect on both structure and trophic links; at the ecosystem 
level invasive species can change nutrient cycling, hydrology and fire regimes 
(D'Antonio and Vitousek 1992, Hobbs and Huenneke 1992, Huenneke and Thomson 
1995, Levine et al. 2003, Vila et al. 2006, Ehrenfeld 2010, Vilà et al. 2011). When new 
plant species naturalise and become abundant they may have community level impacts, 
including competition for space, water, nutrients, light or for pollinators; alteration of soil 
surface conditions necessary for germination; and allelopathic effects (Crawley 1986, 
Mack et al. 2000). 
There are cases where the decline or vulnerability of a rare species has been attributed to 
invasive plants (Pavlik 1990). However, there is surprisingly little documentation of 
quantitative declines of native species attributable to biological invasions (Gaertner et al. 
2009). Even less research shows that invasives actually cause species extinction, although 
there is concern about a potential long time lag (Jäger 1999, Gaines et al. 2000). 
Anecdotally, R. niveus is considered the worst weed in Galapagos. It offers us the 
opportunity to verify the impacts with quantitative evidence of its impacts. Rubus niveus 
was introduced to the Galapagos Islands for agricultural purposes; to Santa Cruz in the 
late 1960s and San Cristóbal in the early 1970s (Lawesson and Ortiz 1990). 
Subsequently, it has been discovered in Floreana (2000), the two volcanoes of Isabela 
islands, Sierra Negra and Cerro Azul (2000) and Santiago (2001). Rubus niveus is a 
widespread and serious problem on Santa Cruz and San Cristóbal islands and it can be 
considered a transformer species: one that changes the character, condition, form or 
nature of ecosystems over a substantial area (Pyšek et al. 2004). On the islands where it 
has been more recently introduced, it is rapidly spreading. Furthermore, in Santiago its 
presence has been more evident after the eradication of introduced herbivores (Atkinson 
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et al. 2008). Rubus niveus can invade grass, bracken, shrub land and forest alike. It forms 
dense thickets up to 4 m high, replacing native vegetation and threatening native 
communities such as the Scalesia pedunculata forest (Rentería and Buddenhagen 2006, 
Soria 2006, Rentería et al. 2007). In the agricultural zone, R. niveus has spread 
aggressively and therefore has transformed farmland into land useless for agriculture, 
causing serious economic problems for the farmers. 
So far, no studies have been carried out on the impacts of R. niveus in Galapagos; 
however there is evidence from Hawaii, Australia and La Réunion, where other Rubus 
species have had negative long term impacts on natural ecosystems, preventing the 
regeneration of native species (Richardson and van Wilgen 2004, Adair and Bruzzese 
2006, Tassin et al. 2006). For example, dense canopy produced by R. fruticosus excludes 
light from the soil surface, effectively out-competing and dominating other species in the 
ground stratum (Groves et al. 1998). In the early stages of invasion Rubus species will 
grow over, or occupy gaps within native vegetation and in later stages they can severely 
restrict regeneration in native forests. Invasion can reduce ecological values of natural 
areas, affecting the ecotourism industry and Rubus spp. also have considerable effects on 
farmland by reducing the areas for agriculture and limiting the movement of large 
animals (Groves et al. 1998, Caplan and Yeakley 2006). Seventy nine species of Rubus 
are known to be a problem in at least one country in the world (Randall 2002). 
Knowledge of the impacts that these exotic plants have on native communities and 
ecosystem processes is required to properly restore native communities following weed 
control (Panetta and James 1999, Zavaleta et al. 2001, Gratton and Denno 2005, Gooden 
et al. 2009). However, there is not much information and evidence in this regard. Key 
questions that need to be asked before control programs are undertaken for environmental 
weeds include: what are the impacts of weeds on native species and ecosystem functions, 
what are the threshold densities at which these impacts occur, and what factors can be 
manipulated to reduce impacts? (Adair and Groves 1998, Paterson et al. 2011). 
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The objectives of this chapter were twofold. First, I assessed the current impact of R. 
niveus on the vascular plant diversity, abundance and structure of native communities of 
the Scalesia forest at Los Gemelos. Second, I determine the threshold density for impacts 
on native plant diversity and abundance. 
 
2.2 Methods 
2.2.1 Study area on Santa Cruz 
On Santa Cruz, the Scalesia forest is situated within the humid zone (figure 2.1), and 
receives a mean annual precipitation of approximately 1845 mm (Itow 1992). Soils are up 
to 1 m deep, of basaltic origin, well weathered, and sandy loam in texture (Laurelle 
1966). 
 
 
Figure 2.1 Map of the central Galapagos Archipelago, showing the study area at Los Gemelos on 
Santa Cruz Island.  
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The Scalesia forest at Los Gemelos on the Santa Cruz Island is one of the best remnants 
of this moist vegetation type in Galapagos (figure 2.1). This humid zone habitat is the 
most fertile in the archipelago; the forest is dominated by the endemic tree Scalesia 
pedunculata and constitutes the habitat of many endemic and native species. The Scalesia 
forest has been invaded by a number of introduced plant species, including R. niveus. 
 
2.2.2 Sampling biological parameters 
A total of 124 plots (2 x 2 m) were chosen throughout the entire Scalesia forest; these 
sites represented a variety of cover densities of R. niveus. In each plot the composition 
and structure of the vegetation was assessed using three equally spaced and parallel 
monitoring transects located at 0.5, 1 and 1.5 m along the plot side. 
Vegetation height and species composition were assessed with the point-intercept 
sampling method using a metal rod (1 cm diameter and 3 m high). The rod was marked to 
distinguish five height classes: 0-0.5, 0.5-1, 1-1.5, 1.5-2 and 2+ m. Each plant species and 
its maximum high class intercept were recorded along each transect at 20 cm intervals for 
a total of 30 points per plot. To determine plant species richness, the entire plot was 
searched for species that were not recorded in the transect monitoring. 
 
2.2.3 Sampling abiotic parameters 
Light intensity was measured using a digital light meter at 0.5 and 2 m height (5 readings 
in each plot). Additionally, soil samples for total N, total P, pH, Na, Mg, Ca, and K were 
taken with a 10 cm deep, 4 cm diameter soil core at plot centres. Soil samples (n = 11) 
were taken from highly infested (> 80%) and lightly infested (< 20%) sites only for 
further analysis.  
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2.2.4 Analysis 
Rubus niveus cover was the explanatory variable used to investigate the relationship with 
the biological and abiotic response variables (plant species richness, community 
composition, forest vertical structure, light availability, pH and soil nutrients). Cover 
percentage of R. niveus and other species was calculated based on the frequency of 
occurrence in each plot. For most of the analyses, R. niveus cover was grouped in five 
continuous invasion categories (0-20%, n=41; 20-40%, n=29; 40-60%, n=16; 60-80%, 
n=9; 80-100%, n=29). Species were grouped by the following growth forms: ferns, herbs 
(and vines) and woody (shrubs and trees). 
Species richness, diversity (Shannon’s Index), species cover and vegetation structure 
were calculated for each plot and plotted against R. niveus cover categories. Species 
richness was defined as the number of species present in each plot. The Shannon diversity 
index was calculated as follows: 
H’=-Σpi log pi , 
where p is the proportion of individuals in the ith species (Begon et al. 1996). 
Generalized Linear Models (GLM) were used to assess the relationship between R. 
niveus cover classes and the other parameters. ANOVAs were used to test parameters 
significance. Principal Coordinates Analysis (PCO) were used to determine species 
aggregation patterns. Principal Coordinates Analysis (PCO, PCoA,  = Multidimensional 
scaling, MDS) is a method to explore and to visualize similarities or dissimilarities of 
data. It starts with a similarity matrix or dissimilarity matrix (= distance matrix) and 
assigns for each item a location in a low-dimensional space. PCO tries to find the main 
axes through a matrix. It is a kind of eigenanalysis (sometimes referred as "singular value 
decomposition") and calculates a series of eigenvalues and eigenvectors. Each eigenvalue 
has an eigenvector, and there are as many eigenvectors and eigenvalues as there are rows 
in the initial matrix. By using PCO we can visualize individual and/or group differences 
(Gower 1966). SIMPER analysis (in PRIMER) was used to determine the contribution of 
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each species to the average Bray-Curtis dissimilarity index between invasion categories 
(Clarke and Warwick 2001). This method of analysis determines which species 
contribute most to the differences, i.e. which species are affected most by R. niveus. 
SIMPER assumes that fundamental information on the multivariate structure of an 
abundance matrix is summarized in the Bray- Curtis similarities between samples and it 
is by disaggregating these that one most precisely identifies the species responsible for 
particular aspects of the multivariate description (Clarke and Warwick 2001, Bell and 
Barnes 2003). 
 
2.3 Results 
2.3.1 Plant species richness  
 
            
Figure 2.2 Relationship between R. niveus cover (%) and species richness. Lines within the box 
represent the median values of the number of species found within each invasion category; the 
bottom and top edges of the box represent 25th and 75th percentiles of all data, respectively; the 
bottom and top bars represent 5th and 95th percentiles. * denotes statistical significance amongst 
R. niveus cover categories. ANOVA-GLM (quasi-Poisson error distribution); native species: F4,119 
= 20.83, P < 0.001; introduced species: F4,119 = 4.04, P < 0.001. 
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In total, 56 vascular plant species were recorded, comprising 46 native and 9 introduced 
species. Species consisted of 15 ferns, 23 herbs, four vines, four shrubs and 10 trees. 
Approximately 37% of species occurred at all stages of R. niveus invasion; 10% of 
species, of which all were native, were confined to low invasion density (< 20% R. niveus 
cover). 
Native and introduced species richness declined significantly with increasing R. niveus 
cover (F4,119  = 20.83, P < 0.001; introduced: F4,119 = 4.04, P < 0.001) (figure 2.2 a, b). 
Highly infested sites (above 60 % R. niveus cover) contained on average 56% fewer 
species than medium to less-infested (< 60%). Although the recorded total number of 
introduced species was lower than for natives (47 native, 9 introduced species), they also 
were reduced when R. niveus cover was above 40%. 
Equally, each of the three key growth forms had lower species richness with higher R. 
niveus cover (Figure 2.3). The number of fern species decreased significantly in sites 
where R.niveus cover was above 80% (F4,119 = 3.55, P = 0.009). Herb and woody species 
richness showed a significant decrease when R niveus cover was above 60% (herbs: F4,119 
= 11.44, P = 0.009; woody: F4,119 = 13.13, P < 0.001) (Figure 2.3). On average, ferns 
were reduced 31%, herbs 54% and trees 48% when comparing the number of species 
amongst grouped significant and non- significant R. niveus cover categories. 
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Figure 2.3 Relationship between R. niveus cover (%) and total species richness by growth forms 
(vines are included within herbs and woody species include shrubs and trees). Lines within the 
box represent the median values of the number of species found within each invasion category; 
the bottom and top edges of the box represent 25th and 75th percentiles of all data, respectively; 
the bottom and top bars represent 5th and 95th percentiles. * denotes statistical significance 
amongst R. niveus cover categories. ANOVA-GLM (quasi-Poisson error distribution); ferns: 
F4,119 = 3.55, P = 0.009; herbs: F4,119 = 11.44, P = 0.009, woody species: F4,119 = 13.13, P < 0.001. 
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2.3.2 Plant species diversity 
The Principal Coordinates Analysis using species abundance values, clearly separated 
highly infested from those medium to low infested sites (figure 2.4a). MANOVA using 
two axis scores generated by the PCO, revealed differences on the total species 
abundance when the invasion level was below 60% compared to above 60% (F1,2 = 38.12, 
P < 0.001). Invasion categories were also separated when species presence/absence were 
analyzed (F1,2 = 37.87, P < 0.001), indicating that species identity, as well as abundance 
was a key component of community change (figure 2. 4b). 
 
          
Figure 2.4 Principal Coordinates Analysis (k=2) describing total vascular plant species abundance 
(a) and presence (b) amongst the R. niveus cover categories. Symbols closer together represent 
sites with more similar species composition. Rubus niveus cover categories have been grouped (0-
60%, n = 86; 61-100%; n = 38) according the previous statistical analysis (MANOVA using 2 
axis PCO scores, species abundance: F1,2 = 38.12, P < 0.001; species presence: F1,2 = 37.87, P < 
0.001). 
 
Species diversity within growth forms was affected similarly as was species richness. The 
Shannon diversity index (H’) values showed diminution and more variation with higher 
R. niveus cover (Figure 2.5), Ferns showed a significant lower value in the species 
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diversity index when R. niveus cover was above 80% (F4,119 = 2.89, P = 0.02); herb and 
woody species diversity index was significant lower when R niveus .cover was above 
60% (herbs: F4,119 = 12.93, P < 0.001; woody: F4,119 = 13.51, P < 0.001).Values of the 
diversity index (H’) of fern, shrub and woody growth form were 1.5, 2.4 and 2.4 fold 
reduced amongst the grouped significant and non- significant R. niveus cover categories 
(Figure 2.5). 
According to the similarity analysis (SIMPER analysis results) in Table 2.1, sites showed 
a higher percentage of dissmilarity when comparing species abundance (85.85%) than 
species occurrence (presence/absence) (71.41%). The average abundance and ocurrence 
of most species were lower within R. niveus highly infested sites than medium to low 
infested sites. The endemic Scalesia pedunculata and the introduced Cestrum auriculatum 
trees were the most abundant species in the study area. These two species together 
contributed 14.9% to the total percentage of dissimilarity in species abundance. Native 
ferns Asplenium auritum, Blechnum occidentale and Thelypteris pilosula also contributed 
strongly to compositional differences amongst invasion categories (14.19%). The herbs 
Ichnanthus nemorosus and Blechum pyramidatum and the native shrub Chiococca alba 
were the species that experienced major reduction in abundance (92%, 95 % and 82% 
lower respectively) amongst the two invasion categories. Conversely, the endemic vine 
Passiflora colinvauxii had higher abundance with higher R. niveus cover (Table 2.1); the 
pattern of abundance of this species contributed 3.87% to the overall dissimilarity. 
Likewise, the species Scalesia pedunculata and Cestrum auriculatum were the most 
common species in the forest. These two species together contributed 9.5% to the total 
percentage of dissimilarity in species occurrence amongst the invasion categories.  The 
native ferns Asplenium auritum, Thelypteris pilosula, and Doryopteris pedata also 
contributed strongly to compositional differences amongst invasion categories (12.51%), 
as well as native herb Ichnanthus nemorosus (4.28%) and native shrubs Chiococca alba 
and Psychotria rufipes (7.98%). Contrarily, the endemic vine Passiflora colinvauxii, 
native fern Blechnum occidentale and the introduced vine Passiflora edulis were more 
common in infested areas and contributed with 11.61% to the total dissimilarity. 
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Figure 2.5 Relationship between R. niveus cover (%) and Shannon diversity index by growth 
forms (vines are included within herbs and woody species include shrubs and trees). Lines within 
the box represent the median values of diversity index within each invasion category; the bottom 
and top edges of the box represent 25th and 75th percentiles of all data, respectively; the bottom 
and top bars represent 5th and 95th percentiles. * denotes statistical significance amongst R. 
niveus cover categories. ANOVA-GLM (Gaussian error distribution); ferns: F4,119 = 2.89, P = 
0.02; herbs: F4,119 = 12.93, P < 0.001, woody species: F4,119 = 13.51, P < 0.001. 
 
 
2 R. niveus impacts on the Scalesia forest 
 
 
35 
Table 2.1 Results of similarity analysis (abundance and presence SIMPER analysis) for vascular 
plant species. List of species in descending order contributing up to approximately 50% of the 
total average to compositional dissimilarities amongst R. niveus invasion categories (0-60%, n = 
86; 61-100%; n =3 8). 
Species G. form Origin Abundance (%) **Contribution 
   *0-60 *61-100 (%) 
 
Abundance dissimilarity = 85.85% 
Scalesia pedunculata 
Cestrum auriculatum 
Asplenium auritum 
Blechnum occidentale 
Ichnanthus nemorosus 
Chiococca alba 
Thelypteris pilosula 
Passiflora colinvauxii 
Blechum pyramidatum 
Passiflora edulis 
tree 
tree 
fern 
fern 
herb 
shrub 
fern 
vine 
herb 
vine 
endemic 
introduced 
native 
native 
native 
native 
native 
endemic 
native 
introduced 
56.5 
28.6 
23.9 
15.5 
18.8 
16.5 
10.4 
6.9 
11.3 
8.2 
13.6 
6.2 
5.2 
13.5 
1.5 
3.0 
4.1 
8.6 
0.6 
6.5 
8.59 
6.32 
5.84 
5.07 
4.9 
4.48 
4.01 
3.87 
3.58 
3.55 
   Presence (%)  
   *0-60 *61-100  
Presence/absence  dissimilarity =71.41% 
Scalesia pedunculata 
Cestrum auriculatum 
Asplenium auritum 
Ichnanthus nemorosus 
Thelypteris pilosula 
Chiococca alba 
Blechnum occidentale 
Psychotria rufipes 
Passiflora colinvauxii 
Doryopteris pedata 
Passiflora edulis 
Tournefortia rufo-sericea 
tree 
tree 
fern 
herb 
fern 
shrub 
fern 
shrub 
vine 
fern 
vine 
shrub 
endemic 
introduced 
native 
native 
native 
native 
native 
native 
endemic 
native 
introduced 
native 
80.2 
65.1 
64.0 
54.7 
47.7 
48.8 
38.4 
45.3 
60.5 
44.2 
32.6 
36.0 
36.8 
34.2 
34.2 
18.4 
44.7 
31.6 
42.1 
15.8 
76.3 
18.4 
36.8 
26.3 
4.82 
4.67 
4.63 
4.28 
4.16 
4.1 
4.01 
3.88 
3.87 
3.83 
3.72 
3.5 
 
* R. niveus invasion categories 
** Individual species contribution to dissimilarities between invasion categories 
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2.3.3 Forest vertical structure 
Vegetation cover (relative abundance) within all the growth form groups (ferns, herbs 
and woody species) showed a significant diminution with increasing R. niveus cover 
(Figure2. 6). Fern cover was significant reduced in sites where R. niveus cover was above 
80% (F4,119 = 9.54, P < 0.001). On average, fern cover was reduced in about 48% in 
highly infested sites. Herb, shrub and tree cover were reduced significantly when R. 
niveus cover was over 60% (herbs: F4,119 = 20.86, P < 0.001, shrubs: F4,119 = 7.27, P < 
0.001; trees: F4,119 = 35.41, P < 0.001). On average, cover values of herbs, shrubs and 
trees were reduced about 82, 78 and 68% respectively. 
Vertical forest structure differs gradually as the R. niveus cover level increases (figure 
2.7). Forest structure in low infested areas (0-20%) is dominated by a short vegetation 
layer (0-50 cm) composed mainly by ferns (Asplenium auritum and Blechnum 
occidentale) and herbs (Ichnanthus nemorosus and Blechum pyramidatum) and a 
prominent layer over 2 m dominated by the endemic tree Scalesia pedunculata. Mid-
storey layer vegetation (50-200 cm) was almost absent composed mainly of some shrubs 
such as Chiococca alba and Tournefortia rufo–sericea). In contrast, with R. niveus cover 
above 60%, the forest structure was dominated by the understorey layer (0-200 cm), 
while the top layer (200 cm+) was severely reduced.  
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Figure 2.6 Relationship between R. niveus cover (%) and species cover (relative frequency) by 
growth form. Lines within the box represent the median values of cover within each invasion 
category; the bottom and top edges of the box represent 25th and 75th percentiles of all data, 
respectively; the bottom and top bars represent 5th and 95th percentiles. * denotes statistical 
significance amongst R. niveus cover categories. ANOVA-GLM (quasi-Binomial error 
distribution); ferns: F4,119 = 9.54, P < 0.001; herbs: F4,119 = 20.86, P < 0.001, shrubs: F4,119 = 7.27, 
P < 0.001; trees: F4,119 = 35.41, P < 0.001. 
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Figure 2.7 Vertical structure description of the forest using the mean number of intercepts by 
height class within each R. niveus cover categories. 
 
2.3.4 Abiotic parameters 
A linear model showed a negative relationship between R. niveus cover and the 
proportion of light intensity reaching the low-storey layer (figure 2.8). As consequence of 
the high densities of R. niveus (> 80% cover), light intensity reaching the understory (0.5 
m height) was reduced about 94% compared with the amount of light reaching the mid-
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storey layer (2 m height); whereas, in medium to low infested sites (<20% cover), the 
proportion of light intensity was reduced only by 45%. Soils physical characteristics 
analysis generally showed no differences between soils from highly infested and low 
infested sites (Table 2.2). Although the mean values of soil parameters in highly infested 
sites were higher than low infested sites, a paired t-test revealed a significant difference 
only when comparing NO3 (t-test: df = 10, t = 2.37, P = 0.04) and pH (t-test: df = 10, t = 
2.37, P = 0.001). 
 
 
 
 
Figure 2.8 Relationship between R. niveus cover (%) and the proportion of light reaching the 
understory (proportion= light intensity at 0.5m / light intensity at 2 m). 
 
 
 
 
 
 
 
2 R. niveus impacts on the Scalesia forest 
 
 
40 
Table 2.2 Summary of the soil physical characteristics amongst natural forest and areas highly 
infested by R. niveus.  
Mean value (ppm) Physical 
parameter non-infested infested 
df t-value P-value 
Ca 
Carbone 
K 
N total 
NH4 
NO3 
P 
pH 
1147.9 
170.3 
1. 1 
966.1 
247.6 
4.0 
28.3 
6.5  
1019.3 
154.3 
1.8 
649.3 
152.4 
1.8 
22.2 
6.9 
10 
10 
10 
10 
10 
10 
10 
10 
1.03 
0.87 
-0.7 
1.15 
0.75 
2.37 
0.86 
-4.35 
0.325 
0.402 
0.498 
0.275 
0.466 
 0.039* 
0.407 
0.001* 
 
 
2.4 Discussion 
Results of the present study indicate that R. niveus has an impact on the native 
community of the Scalesia forest; sites highly invaded by R. niveus had a lower richness 
and biodiversity of native plant species and a different forest structure.  
The strong correlation clearly demonstrates the negative impact of the R. niveus cover on 
the richness of resident plant community of the Scalesia forest. Species richness in each 
growth form was significantly lower with higher R. niveus cover, indicating that the 
threat of R. niveus is generalized across all life forms in the recipient community. Overall 
species richness was reduced by over half (56%) when R. niveus density was above 60%. 
However, the magnitude of the impact on species richness was different amongst the 
three growth forms, with herbs exhibiting the largest impact (54% in species loss) and 
ferns the least (31%) when R. niveus cover was over 60% and 80% respectively. 
Furthermore, differences in species abundance were also evident with increased R. niveus 
cover. Species abundance was significantly altered in heavily infested sites (>60% R. 
niveus cover), with lower abundances of almost all species than those in medium to low-
infested (<60% R. niveus cover) sites.  
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Herbs and woody species were relatively more sensitive to R. niveus invasion; significant 
effects in these two groups were evident when R. niveus invasion was over 60% while 
ferns tolerated up to 80%, indicating that ferns are more resilient to R. niveus invasion. 
Tree species contributed most to compositional dissimilarities between highly infested 
and medium to low-infested sites, especially the endemic Scalesia pedunculata, the 
dominant tree of this type of forest and whose abundance was reduced considerably. The 
native Chiococca alba, one of four native shrubs species present in the forest, also 
experienced negative effects. On the other hand, presence and abundance of the endemic 
vine Passiflora colinvauxii was affected positively with increasing R. niveus cover. 
Differences in composition and reduction in biodiversity due to the presence of R. niveus 
in the Scalesia forest may lead to loss in ecosystem functioning (mutualism such as 
pollination, seed dispersal) and services (Vitousek et al. 1996, Loreau et al. 2001). 
These changes in abundance (Shannon index H’) were exhibited by all growth forms, 
herbs and woody species (shrub and trees) which resulted in marked structural change of 
the forest. Cover of herbs, shrubs and trees in infested areas was drastically reduced when 
R. niveus cover was over 60%. Moreover R. niveus invasion has changed the vegetation 
vertical structure from a natural forest, mainly of a low and top layer (0-50 and 200+ cm 
height), to a medium-low vegetation layer (up to 150 cm) dominated mainly by R. niveus. 
Thus a substantial difference in vegetation structure from tall closed forest to low, dense 
R. niveus-dominated shrubland has been observed. This is in concordance with the view 
that alien plant invasion increases community homogenisation, leading to reduced spatial 
biotic diversity (Williamson and Fitter 1996, McKinney and Lockwood 1999). 
Although cover of the canopy layer of the Scalesia forest is almost 100% and it intercepts 
most of the light, its structure is not so dense and presents some gaps that permit the 
existence of low-layer growth forms (Itow 1988, Shimizu 1997). The presence of R. 
niveus in high densities reduced the penetration of light to the ground stratum, thus 
leading to changes in the microclimate of infested sites (Ehrenfeld et al. 2001). An 
abundance of canes and a dense foliar layer produced by R. niveus would create an 
unsuitable habitat (dark and wet) for regeneration or re-establishment of desirable 
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vegetation (Macdonald et al. 1991), particularly shade intolerant native species such as 
the endemic Scalesia pedunculata (Itow 1995, Shimizu 1997, Wilkinson 2002). Sites 
highly infested by R. niveus had a slightly higher amount of nutrients available in the soil; 
this is consistent with the theory that changes in diversity and composition of species due 
to the invasion and spread of an exotic may consequently lead to changes in soil 
properties (Ehrenfeld et al. 2001, Ehrenfeld 2003, Vila et al. 2006). However, impacts of 
R. niveus invasion on soil proprieties of the Scalesia forest were less evident than changes 
in biodiversity and structure. Higher nutrient concentrations in the topsoil have been 
reported in areas infested by some invasive Rubus spp. (Caplan and Yeakley 2006); 
however, it is possible that invasions by R. niveus in the Scalesia forest have been too 
recent (Itow 2003) to have a major impact on soil nutrient status. 
Most of the statistical analyses showed significant differences in species diversity, 
abundance and structure when values of R. niveus cover were over 60%. This critical 
value was consistent in most of the analysis and could be considered as an appropriate 
goal (“threshold value”) in terms of management of the species (Paterson et al. 2011). 
Furthermore, much of the study area has only recently reached such high densities of R. 
niveus (Rentería and Buddenhagen 2006) so it is not known if there is a time lag 
regarding higher densities and impact. Future management of R. niveus for biodiversity 
conservation should have the aim of reducing the density to below the more conservative 
level of 60%. Such a threshold should also act as a guide for the parallel project to 
develop a biological control or any alternative control method. 
This study was not designed to detect the mechanism by which R. niveus causes species 
decline and vegetation changes; however, research on other invasive Rubus spp. suggests 
that this may be driven by high competitive abilities for resources (such as water, 
nutrients, space and light) (McDowell and Turner 2002, Caplan and Yeakley 2006), high 
growth rate, rapid maturity and multiple modes of reproduction (Landázuri 2002, Itow 
2003, Grotkopp and Rejmanek 2007, Atkinson et al. 2008). Plant community 
composition and regeneration of the Scalesia forest may be impacted because R. niveus is 
a scrambling species that may smother native plants, leading to a dense monotypic thicket 
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with little other vegetation present. Ability to regenerate also depends on the available 
seed bank. It logically follows that as R. niveus density increases the abundance of native 
plants will decrease and so will their seed production. 
Whilst habitats that have more diverse communities are often thought to be highly 
competitive and resist invasion, other studies suggest that lower diversity habitats are 
more invasible (Crawley 1987, Lonsdale 1999, D'Antonio et al. 2001, Von Holle and 
Simberloff 2005). Galapagos flora is depauperate in shrub and tree species so is very 
susceptible to invasion by exotics species with a similar habit (Tilman 1997, Itow 2003). 
The Scalesia forest is very simple in structure and composition (Shimizu 1997). It is 
dominated mainly by the tree Scalesia pedunculata and few sparse shrub species, 
suggesting there are vacant niches (Itow 2003). Dense stands of R. niveus are often found 
in open canopy areas. There is currently no evidence that R. niveus dominance causes 
native canopy losses in the Scalesia forest, but it is definitely preventing recruitment of 
canopy species. Invasive plants normally fill unoccupied canopy spaces and also may 
spread rapidly with forest disturbance: tree-fall events, storm damage, stand dieback 
(Asner et al. 2008). This is particular interesting since Scalesia experiences a periodic 
massive dieback as a mechanism for regeneration (Itow and Mueller-Dombois 1988, 
Wilkinson et al. 2005) that may stimulate the invasion of R. niveus with devastating 
impacts. Although the impacts of R. niveus invasions on community structure and 
composition are evident, the pathways or mechanisms that underlie these impacts are still 
unknown. 
 
  
 
Chapter 3  
Competitive ability in early growth stages of the 
invasive plant Rubus niveus 
Abstract 
High competitive ability of introduced plant species has been mentioned as a key factor 
promoting successful invasion. The dynamics of invasive species may depend on their 
abilities to compete for resources and exploit disturbances relative to native species. This 
study compares the relative competitiveness of Rubus niveus with four of the most 
common woody native species of the Scalesia forest. Using a series of greenhouse and 
field studies, the growth rate and biomass production of native species alone and in 
competition with R. niveus was compared under different water and light stress 
conditions. Rubus niveus showed a faster growth rate and biomass production that the 
native species as well as a broad tolerance to light and water stress conditions. 
Competitive ability was also assessed by looking at the seed bank and regeneration 
process after herbicide control in the field. Rubus niveus had a larger seed bank than 
native species; but recruitment from seed bank after control from all species was not 
evident. The experiment was carried out during a ten month drought which may have 
affected seed germination. Overall R. niveus showed a superior competitive ability over 
comparable native species, suggesting a possible mechanism that enables R. niveus to 
successfully invade a wide range of habitats in the Galapagos Islands.  
 
This chapter is the basis of: Renteria, J. L., Gardener, M. R., Atkinson, R. and. Crawley, M. J. Competitive 
ability in early growth stages of the invasive plant Rubus niveus, In prep. 
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3.1 Introduction 
Invasive plant species are able to spread over considerable spatial scales, successfully 
colonizing a number of habitats (Richardson et al. 2000). Because invasive species 
represent a threat to native biota and contribute to the decrease of native biological 
diversity (Mooney and Cleland 2001, Levine et al. 2003) it is fundamental to identify the 
mechanisms, traits or external factors that contribute to successful invasion (Lake and 
Leishman 2004, Pyšek et al. 2004). A better understanding of these mechanisms could 
lead to strategies that identify potentially invasive species, improve control of existing 
invasive species, restore native species, and also provide insight into the processes behind 
community assembly (Seabloom 2003).  
The success and impacts of invasive species depends on their biological attributes, their 
biotic interactions with the native community and the environmental characteristics of the 
infested ecosystem (Baker 1974, Pyšek et al. 1995, Maron and Vila 2001, Keane and 
Crawley 2002, Bryson and Carter 2004, Lloret et al. 2005). Introduced plants may 
become aggressive invaders outside their home ranges for a number of reasons, including 
release from native enemies, higher performance in a new site, direct chemical 
(allelopathic) interference with native plant performance and variability in the responses 
and resistance of native systems to invasion (Fowler 1982, Blossey and Notzold 1995, 
Callaway and Aschehoug 2000). Introduced plant species might be released from 
constraints at their native environment allowing individuals of a species in an alien 
environment to be taller, more vigorous, and produce more seeds than they would in their 
native environments (Blossey 1999, Keane and Crawley 2002, Jakobs et al. 2004, 
Schmidt 2008).  
Another major explanation for the success and impacts of invading species is that the 
invader possesses individual traits or a combination of traits that are unique to or 
underrepresented in the recipient community, allowing the invader to exploit resources or 
opportunities unutilized by the native community (Vitousek et al. 1987, Fargione et al. 
2003). Studies generally have found that invasive plant species have higher relative 
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growth rates, greater leaf area ratios and maximal photosynthetic rates than natives 
(Grotkopp 2002, McDowell 2002). 
One mechanism that may facilitate the invasion by introduced plant species is resource 
availability resulting from disturbance or low resource uptake by the native plant 
community. Habitats with increased light and nutrients tend to be more productive for 
invasives (which are often disturbance specialists) which leads to higher growth rates and 
higher rates of spread (Meekins and McCarthy 2001). Greater adaptability may help 
invasive plants by allowing them to exploit a wider range of environmental conditions 
than do native species. Invasive plant species, have more efficient water use, better 
nitrogen uptake, higher biomass, and produced seeds which were more likely to 
germinate compared with natives (DeFalco et al. 2003). There is evidence that invasive 
Rubus spp. have a strategy of rapid and efficient water-use across a wide range of water 
availability conditions (Caplan and Yeakley 2010). 
The high competitive ability of alien species has been mentioned as a key factor 
promoting successful invasion (Vilà and Weiner 2004). Competition with neighbours can 
significantly affect the survival, growth and reproduction of terrestrial plants (Aarssen 
and Epp 1990). In particular, interspecific competition can exert considerable influence 
on plant distribution and abundance across a range of habitat types and environmental 
gradients (Schoener 1983, Gurevitch et al. 1992). Through the mechanism of 
competition, invasions can lead to native species displacement and a corresponding loss 
of local diversity (Herbold and Moyle 1986).  
Finally, the success of many plant species as invaders is increased by their capacity to 
maintain persistent stores of seeds in the soil (Richardson and Kluge 2008). The ability to 
produce a large number of seeds together with high germinablity increases invasion 
success (Forcella et al. 1986, Rejmánek and Richardson 1996). The more propagules an 
organism produces, the greater its chances of becoming established (Williamson 1996). 
In Galapagos, R. niveus has invaded grass and fern lands, shrub land and forest alike. It 
forms dense thickets, replacing native vegetation, and threatening several native 
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communities such as Scalesia pedunculata (Itow 2003, Wilkinson et al. 2005, Rentería 
and Buddenhagen 2006). Several life history traits may contribute to R. niveus 
invasiveness in the Scalesia forest. As is the case of other invasive Rubus spp., rapid 
growth of the shoot and root, ability to reproduce vegetatively, early flowering, self 
compatibility and high rate of seed production may influence the invasive success of R. 
niveus in the Galapagos Islands. While the importance of life history attributes to 
invasive success is recognized, it is now generally accepted that many other factors such 
as the biological and ecological interactions with other species in the new environment, 
play an equally important role (Dunbar and Facelli 1999).  
A possible mechanism that may enable R. niveus and other invasive species to 
successfully invade a wide range of habitats is its superior competitive ability over native 
species as measured by its rapid growth, early maturity, large quantities of seeds and 
fruit, effective seed dispersal, vegetative reproduction and generation of dense shade 
(Rejmánek and Richardson 1996, Williamson and Fitter 1996, Reichard and Hamilton 
1997, Grotkopp et al. 2002, Landázuri 2002, Buddenhagen and Jewell 2006, Burns 2006, 
Soria 2006, Atkinson et al. 2008). 
Invasive alien plants species represent one of the most serious threats to the unique 
biodiversity and ecosystem function of the Galapagos Islands (Loope et al. 1988). 
Understanding interactions between invaders and residents and the mechanisms by which 
invasive species outperform native species is essential to the management and restoration 
of native-dominated habitats (Richardson and Kluge 2008). The practicality of restoring a 
native community depends directly on the mechanisms by which the introduced species 
competitively exclude the native flora (Seabloom 2003). 
This study examines the competitive ability of R. niveus relative to four of native plant 
species from the Scalesia forest in Santa Cruz. In particular I compared in green house 
experiments: 1) the relative growth rate of R. niveus and four of the most common native 
species of the Scalesia forest; 2) the tolerance and performance of both native species and 
R. niveus under different stress condition; 3) the above and below ground biomass of 
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native species and R. niveus as the result of inter and intra specific competition (i.e. 
different planting densities); Finally, in a field experiment, I assessed the competitive 
potential of infested areas based on the R. niveus and native seed bank and competition 
between recruits.  
 
3.2 Methods 
Four experiments were carried out to assess the competitive abilities of R. niveus and four 
of the most common and co-occurring native plant species of the Scalesia forest: the tree 
Scalesia pedunculata (Asteraceae) and the woody shrubs Chiococca alba, Psychotria 
rufipes (Rubiaceae) and Tournefortia rufo-sericea (Boraginaceae). 
 
3.2.1 Relative growth rate 
To assess the relative growth rate of R. niveus and the four native species, seedlings of 
each species were grown in individual plastic pots (1500 cm3) containing soil from the 
highland farms and keep them under controlled shade house conditions. Fifteen seedlings 
of each species were randomly positioned in the shade house, watering was provided as 
required. Seedlings dying within two weeks after potting were replaced. Initial and final 
stem diameter, stem length, and cover area index (represented by the product of 
minimum and maximum length) of each plant were measured. After eight months all 
plants were harvested. All samples were dried at 45 °C temperature and weighed to 
determine foliar, root and total biomass. Generalized Linear Models (GLM) were used to 
determine difference in relative growth and biomass production between species. 
ANOVAs were performed to test significance of parameters. 
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3.2.2 Stress tolerance 
To determine the response of R. niveus and the four native species to different light and 
water conditions, seedlings of the different species were planted in individual plastic pots 
(1500 cm3) containing soil from the highland farms and grown under two	  different light 
levels (100% and 10% of ambient sunlight). These represent an approximation of “open 
ground and “closed canopy” conditions. Also, two different watering regimens (500 ml 
and 250 ml as a proxy of 100% and 50% volume saturation respectively). Shade was 
provided using wooden cages covered with shade cloth; water was applied manually 
twice a week for the saturation simulation and once a week for the semi-saturation. A 
two-way factorial design was used with 12 replicates per treatment (each plant a 
replicate). Initial and final stem diameter and length per plant were measured. After five 
months the experiment was stopped; plants were harvested, dried at 45 °C temperature 
and weighed to determine foliar and root biomass. Generalized Linear Models (GLM) 
were used to assess the effect of light and water treatments on the variation in relative 
growth and biomass production of the different species. ANOVAs were performed to test 
significance of parameters. 
 
3.2.3 Intra-interspecific competition 
A multiple replacement design was used to test for competition between R. niveus and 
each of the four target species. The replacement series has been used widely to assess 
interference, niche differentiation, resource utilization, and productivity in simple 
mixtures of species. Correctly used, the approach can lead to some valid interpretations. 
A standard replacement series involves at least two different components, usually 
different species. The components are mixed and some measure of yield of each 
component per unit area, such as dry biomass or seed number, is assessed at constant 
total density while the proportions of individual components in the mixture vary from 0 
to 100% (Jolliffe 2000).  Seedlings of the different species were planted in monocultures 
and mixtures in individual plastic pots (1100 cm3) containing soil from the highland 
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farms. Factors included: two densities (2 and 4 plants per pot) and four proportions of 
natives to R. niveus (100-0, 75-25, 50-50, 25-75, 0-100; except two plants per pot). Each 
combination was replicated 10 times. After five months, the aboveground plant parts 
were harvested to obtain the dry biomass. Scalesia pedunculata and Tournefortia rufo-
sericea experienced high levels of mortality making difficult to establish the experiments 
therefore these species are not part of the experiment. 
Relative yield per plant (RY) were calculated based on the total dry weight biomass 
(yield) of each species in each pot at each density and proportion combination. These 
synthetic values use data concerning the growth of plants in pure stands compared with 
their growth in mixed stands of different densities to provide information about the nature 
of the competitive interaction among plants of the same and different species (Fowler 
1982). Relative yield expresses the relationship between the yield of species A when 
grown in a mixture containing species B with the yield of species A when grown in 
monoculture. Assuming total density to be constant, RY can be calculated as 
RYij = Yij /(pYi) 
where Yij is the yield of species i when grown in mixture with species j, Yi is the yield of 
species i when grown in monoculture, p is the proportion of species i in the mixture. All 
yield values are on a per pot basis, while relative yields are on a per plant basis (Fowler 
1982). Multiple t-tests were used to compare each relative yield value with a value of 1.0, 
the value expected when a species is grown in monoculture. 
 
3.2.4 Seed bank and competition between recruits 
To assess the seed bank contribution to the regeneration process of the Scalesia forest, a 
set of 20 paired plots (4 x 4 m) were set up along the Scalesia forest (see Chapter 2 for a 
site/habitat description). Each pair consisted of heavily infested (with at least 90% of R. 
niveus cover) and a nearby uninfested plot (“Natural forest”). The uninfested plots were 
selected to represent as close as possible the same habitat conditions as the corresponding 
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infested plots. The vegetation of heavily infested plots was cleared completely (using 
machete and spraying R. niveus canes with herbicide) to assess competition recruits. In 
each plot, five soil samples were taken within 1 m² central subplots using a metal 
cylinder (4.5 cm diameter x 5 cm deep). These soil samples from each plot were mixed 
together and spread out in plastic trays containing a layer of sterile vermiculite; watered 
regularly and kept in a shade house for germination and periodic monitoring over five 
months. Seedlings were removed from the trays as identifications were made to avoid 
double counting; the species and number of seedlings were recorded. Nine months after 
plots were cleared, regeneration of vegetation in the infested plots was assessed 
estimating the species cover percentage within the 1 m² central subplots. Generalized 
Linear Models (GLM) were used to assess variation of seed bank composition among 
heavily infested and natural forest plots. 
 
3.3 Results 
3.3.1 Relative growth rate 
The percentage of survivorship of most of the species was 100% apart from Scalesia 
pedunculata (87%). Growth parameters differed significantly among species, expressed 
both on increase in diameter, length and cover, and the final foliar, root and total dry 
biomass, as shown in figures 3.1 and 3.2. The tree S. pedunculata and the shrub T. rufo-
sericea showed significant increment in diameter compared with the other species (F4,68 = 
20.9, P < 0.001). Rubus niveus showed greater increase in length than other species (F4,68 
= 69.3, P < 0.001). S. pedunculata had the greatest increment on stem length among the 
native species. S. pedunculata, T. rufo-sericea and R. niveus showed a significantly 
higher foliar cover increase than C. alba and P. rufipes (F4,68 = 18.8, P < 0.001). Rubus 
niveus showed greater production of foliar biomass compared with all native species, 
(F4,68 = 7.7, P < 0.001). Rubus niveus with T. rufo-sericea produced greater root biomass 
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(F4,68 = 28.6, P < 0.001), whereas these species and S. pedunculata had the greatest 
values of total biomass production (F4,68 = 25.3, P < 0.001). 
Overall, R. niveus grew faster relative to the native species. After eight months, R. niveus 
showed greater increase in size and biomass production than native species in five 
(except diameter) of the six growing parameters. Among the native species, S. 
pedunculata and T. rufo-sericea showed greater growth, whereas C. alba and P. rufipes 
showed the lowest values of size increase and biomass production. On average, R. niveus 
increase was: 8.5 and 3.5 fold greater than P. rufipes and T. rufo-sericea in stem length; 4 
and 2.5 fold greater than C. alba and P. rufipes in foliar cover, 1.7 and 1.6 fold greater 
than T. rufo-sericea and S. pedunculata in foliar biomass; 2.3 and 1.7 fold greater in root 
biomass and, 1.9 and 1.7 fold greater in total biomass than C. alba and P. rufipes. On 
average, T. rufo-sericea and S. pedunculata produced higher values of total biomass than 
R. niveus, however the differences were not significant. 
 
3 Competitive abilities of R. niveus 
53 
 
 
Figure 3.1 Growth increase of diameter, length and foliar index of R. niveus and four native 
species. Lines within the box represent the median values of growth parameters; bottom and top 
edges of the box represent 25th and 75th percentiles of all data, respectively; the bottom and top 
bars represent 5th and 95th percentiles. * denotes statistical significance amongst species. 
ANOVA-GLM (quasi-Binomial error distribution); diameter: F4,68 = 20.9, P < 0.001; length: F4,68  
= 69.3, P < 0.001; cover index: F4,68  = 18.8, P < 0.001. 
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Figure 3.2 Final foliar, root and total dry biomass values of R. niveus and four native species of 
the Scalesia forest. Lines within the box represent the median values of the growth parameters; 
bottom and top edges of the box represent 25th and 75th percentiles of all data, respectively; the 
bottom and top bars represent 5th and 95th percentiles. * denotes statistical significance amongst 
species. ANOVA-GLM (Gaussian error distribution); foliar: F4,68 = 7.7, P < 0.001; root: F4,68  = 
28.6, P < 0.001; total biomass: F4,68  = 25.3, P < 0.001. 
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3.3.2 Stress tolerance 
Survivorship was over 90% for most species within all treatment types. However, the 
endemic tree S. pendunculata exhibited only 5% survivorship within the shaded 
treatment, and 100% within the open treatment. This species was therefore removed from 
the analysis. Light availability affected the growth parameters of both R. niveus and the 
three native species whereas water availability only affected the foliar and root biomass 
of all species. Interestingly, stem diameter and length was reduced only in R. niveus with 
reduced water (figure 3.3 and table 3.1).  
 
          
          
Figure 3.3 Effects of light and water availability on the relative diameter and length growth and 
final foliar and root biomass of R. niveus and three native species of the Scalesia forest. Lines 
within the box represent the median values of growth parameters the bottom and top edges of the 
box represent 25th and 75th percentiles of all data, respectively; the bottom and top bars represent 
5th and 95th percentiles. (GLM coefficients are showed in table 3.1). 
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Table 3.1 Generalized Linear Models (GLM, Gaussian error distribution) results for the growth 
parameters of R. niveus and three native species of the Scalesia forest under different light and 
water availability. 
GLM coefficients  
Growth parameter 
 
Species source of 
variation 
 
df 
 
t 
 
P 
Diameter 
 
 
 
 
 
 
 
 
Height 
 
 
 
 
 
 
 
 
Foliar biomass 
 
 
 
 
 
 
 
 
Root biomass 
 
 
 
 
 
 
 
Chiococca alba  
 
Psychotria rufipes  
 
Tournefortia rufo-sericea 
 
Rubus niveus 
 
 
Chiococca alba  
 
Psychotria rufipes  
 
Tournefortia rufo-sericea. 
 
Rubus niveus 
 
 
Chiococca alba  
 
Psychotria rufipes  
 
Tournefortia rufo-sericea.  
 
Rubus niveus 
 
 
Chiococca alba  
 
Psychotria rufipes  
 
Tournefortia rufo-sericea.  
 
Rubus niveus 
 
light 
water 
light 
water 
light 
water 
light 
water 
 
light 
water 
light 
water 
light 
water 
light 
water 
 
light 
water 
light 
water 
light 
water 
light 
water 
 
light 
water 
light 
water 
light 
water 
light 
water 
42 
42 
43 
43 
40 
40 
44 
44 
 
42 
42 
43 
43 
40 
40 
44 
44 
 
42 
42 
43 
43 
40 
40 
44 
44 
 
42 
42 
43 
43 
40 
40 
44 
44 
6.06 
-0.34 
4.78 
-2.79 
6.35 
0.45 
6.74 
-0.216 
 
5.23 
-0.35 
2.71 
-1.33 
5.59 
-0.99 
9.03 
-2.15 
 
6.46 
-2.35 
6.74 
-2.07 
4.33 
-1.02 
8.81 
-2.73 
 
5.13 
-2.6 
5.66 
-2.17 
3.71 
-1.19 
7.76 
-2.99 
< 0.001*** 
0.74 
< 0.001*** 
0.008** 
< 0.001*** 
0.65 
< 0.001*** 
0.04* 
 
< 0.001*** 
0.73 
0.009** 
0.19 
< 0.001*** 
0.33 
< 0.001*** 
0.04* 
 
< 0.001*** 
0.02* 
< 0.001*** 
0.04* 
< 0.001*** 
0.31 
< 0.001*** 
0.009** 
 
< 0.001*** 
0.01* 
< 0.001*** 
0.03* 
< 0.001*** 
0.24 
< 0.001*** 
0.004** 
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3.3.3 Intra-interspecific competition 
When grown at a plant density of two plants per plot the relative yield (RY) of C. alba 
increased whereas R. niveus stayed the same. Conversely R. niveus increased while P. 
rufipes remained the same (Table 3.2). When grown at a density of four plants per pot 
there was no change in RY in both R. niveus and C. alba at all densities. However, there 
was a large increase in RY of R. niveus and decrease of P. rufipes. There were deaths 
across treatments, but this was not clearly related to species density or proportion. 
 
Table 3.2 Average relative yield values per plant (RY) ± Standard Error (SE) for R. niveus 
growing in mixture with Chiococca alba and Psychotria rufipes varying densities and 
proportions. 
Mean relative yield ± SE Mean relative yield ± SE Density and 
proportion Rubus niveus Chiococca alba Rubus niveus Psychotria rufipes 
2 
50 : 50 
4 
25 : 75 
50 : 50 
75 : 25 
 
1.22 ± 0.16 
 
2.35 ± 0.92 
1.21 ± 0.44 
1.69 ± 0.31 
 
3.60 ± 0.61* 
 
1.40 ± 0.27 
1.78 ± 0.44 
1.38 ± 0.41 
 
1.60 ± 0.20* 
 
4.28 ± 0.49* 
3.41 ± 0.38* 
2.40 ± 0.13* 
 
1.33 ± 0.44 
 
0.66 ± 0.14* 
0.29 ± 0.14* 
0.35 ± 0.13* 
 
* Statistical significance of t-test used to compare each relative yield value with 1.0 (value 1.0 is 
the relative yield of a species growing in monoculture). 
 
3.3.4 Seed bank and competition between recruits 
A total of 1,171 seedlings of native species, 960 seedlings of R. niveus and 41 seedlings 
of other introduced species emerged from soil samples within infested areas whereas 
1,648 seedlings of native species, 57 seedlings of R. niveus and 12 seedlings of other 
introduced species emerged from soil samples in the natural forest. A total 22 vascular 
plant species were recorded, comprising 17 native and 5 introduced species. Species 
consisted of 15 herbs (3 introduced), 1 vine, 3 shrubs (1 introduced) and 3 trees (1 
3 Competitive abilities of R. niveus 
58 
 
introduces). 82% of the total species occurred in the natural forest while 64% of the 
species occurred in infested areas but this was not significantly different. Pilea baurii 
(Urticaceae) was the most common native species representing the 84% of the total 
number of native species germinated seedlings in natural forest and infested areas. Pilea 
baurii is a pioneer ephemeral forb species which lead to ecological succession of the 
forest after perturbation.  
 
            
Figure 3.4 Density of emerged seedlings of R. niveus and native species geminated from the soil 
samples in infested areas and natural forest. Chart (a) includes the values of Pilea baurii, chart (b) 
without Pilea baurii values. Lines within the box represent the median values of the number of 
seedlings/m2; bottom and top edges of the box represent 25th and 75th percentiles of all data, 
respectively; bottom and top bars represent 5th and 95th percentiles. * denotes statistical 
significance amongst groups. GLM (quasi-Poisson error distribution); (a), Natural forest: df = 38, 
t = 4.7, P < 0.001; (b), Infested areas: df = 38, t = -2.8, P < 0.001; Natural forest: df = 28, t = 3.7, 
P < 0.001. 
 
There was no significant difference between the amount of germinated seedlings of R. 
niveus and the natives species from infested areas (figure 3.4 a). However significant 
difference between the amount of germinated seedlings of R. niveus and the natives was 
detected when the values of P. baurii were not considered (figure 3.4 b) (df = 38, t = -2.8, 
P < 0.01). Although P. baurii was part of the composition of the seed bank, this species 
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and introduced species are not considered for further the analysis. Seedlings of R. niveus 
also germinated from soil samples from natural forest; however, the amount was 
significantly lower compared with the amount of seedlings germinated of native species 
(figure 3.4 b). 
 
 
Figure 3.5 Density of seedlings of R. niveus and native species by growth form germinated from 
the soil samples. Lines within the box represent the median values of the number of seedlings/m2, 
bottom and top edges of the box represent 25th and 75th percentiles of all data, respectively; 
bottom and top bars represent 5th and 95th percentiles. (* denotes statistical significance amongst 
groups. GLM (quasi-Poisson error distribution); (b), herbs: df = 38, t = 4.72, P < 0.001; shrubs: df 
= 38, t = -2.758, P < 0.01; trees: df = 28, t = 3.66, P < 0.001).  
 
Herbs species strongly dominated the soil seed bank in both infested areas and natural 
forest making up about 76% and 85% of the total number of seedlings; whereas shrubs 
and trees made up only 15% and 24% respectively. Seedling density of herbs, shrubs and 
trees of native species did not differ significantly between infested areas and natural 
forest (figure 3.5). However, the density of R. niveus seedlings differed significantly 
among the growth forms in infested areas (figure 3.5). On average 1,200 seedlings/m2 (± 
378.7 ) of R. niveus, 266. 2 seedlings/m2( ± 63.2) of herb, 42.5 seedlings/m2 (± 15.5) of 
shrub and 43.7 seedlings/m2 (± 11.3) of tree species germinated from soil samples from 
infested areas. The amount of R. niveus seedlings/m2 that germinated from soil seed bank 
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in infested areas was 4.5, 28.2 and 27.5 fold greater than the amount of native herbs, 
shrubs and trees respectively.  
Rubus niveus seeds germinated more rapidly than native species seeds. Within the 5 
weeks over 70% of the total seed bank of R. niveus available in the soil had germinated 
while only 40% of the native soil seed bank had germinated (figure 3.6). By the week 
12th, about 97% of the total of seeds of R. niveus had germinated whereas the cumulative 
germination for native species was about 77%.  
 
 
 
Figure 3.6 Cumulative germination of seeds of R. niveus and native species over time from soil 
samples taken from the infested areas, given as a percentage of the final number of germinated 
seedlings reached after five months. 
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Figure 3.7 Relationship between the density of seedlings/m2 and the above ground cover after R. 
niveus control in infested areas. Values represent the average of number of seedlings geminated 
form soil samples and average of vegetation cover within 1 m2 subplots. 
 
The seed bank and standing vegetation after control of R. niveus had 16 species in 
common. These represented 73% of all species in the seed bank and 52% of the species 
in the standing vegetation. This variation was the result of the difference in the number of 
species: 22 species in the seed bank compared to 31 species in the standing vegetation. 
There was not consistent relationship between the number seedlings/m2 available in the 
soil seed bank and the above ground cover regenerated after control of R. niveus (figure 
3.7). Although the number of R. niveus seeds available in the soil were considerable 
greater than the all the growth forms, nine months after control, herb and tree layer 
showed greater values in ground cover than R. niveus. 
  
3.4 Discussion 
Rubus niveus showed higher growth rates than the native species, supporting the 
hypothesis that invasive plant species have a performance advantage over native species 
(Rejmánek and Richardson 1996, Milberg 1999, Daehler 2003). Under the same 
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environmental conditions, R. niveus showed faster growth rates than four native species 
in stem length, cover area and higher production of foliar and root biomass. Fast growth 
may enable R. niveus to quickly occupy free space and therefore outgrow associated 
native shrub and tree species (Pyšek et al. 1995, Williamson and Fitter 1996, McDowell 
and Turner 2002), however it is not know if this differential growth rate continues 
through to maturity. In general, native woody species allocate resource to develop 
support tissue such as stems and branches (Grime 2001); the high production of foliar and 
root biomass may give R. niveus mayor advantages over native ecologically similar 
species to access for resources such as water, nutrients and light (Kolar and Lodge 2001, 
Grotkopp et al. 2002).  
Except the tree S. pedunculata, all species in the stress experiment showed high survival 
(over 90%) under the different light and water treatments. Almost all plants of S. 
pedunculata died in shaded treatments showing a limited tolerance to low light 
conditions. Light was the factor that caused mayor variation in growth and biomass 
production of both R. niveus and native species. Since the humid highland vegetation of 
the Galapagos Island has evolved with highly variable rainfall conditions (extreme El 
Niño and La Niña events) (Hamann 1985, Wilkinson et al. 2005); native species are 
adapted to survive prolonged hot season droughts. Conversely, R. niveus was the only 
species clearly affected by water stress. Studies have showed that abundant light and 
water access are fundamental factors for the successful invasion of other Rubus spp. 
(Caplan and Yeakley 2010). Rubus niveus experienced higher sensitivity than native 
species to light and water conditions expressed by higher variation in growth and biomass 
production. This trait may help R. niveus to more readily access resources than slower-
growing native species (Vasquez 2010), especially once resources become available after 
disturbance (King and Grace 2000, Funk 2007). Natural disturbance is a critical element 
for the regeneration of Scalesia forest in Galapagos(Itow and Mueller-Dombois 1988, 
Wilkinson et al. 2005); disturbance caused by tree-fall due to periodic die back, lead to 
openings in the forest canopy increasing disturbance necessary for Scalesia recruitment 
(Wilkinson et al. 2005, Vasquez 2010). However, R. niveus is now filling these gaps and 
3 Competitive abilities of R. niveus 
63 
 
is more competitive than Scalesia. Often dense R. niveus patches were found in open 
areas caused by falling trees. 
Native species showed high tolerance to variable light and water conditions, showing a 
low variation in growth and biomass production, this is the particular case of woody 
species which have a low growth rate independently of the variation of environmental 
conditions (Grime 2001). 
In communities with seasonally fluctuating resource regimes such as the Scalesia forest in 
the Galapagos Islands, an invasive plant could potentially have an advantage by 
exploiting surplus resources during the period of high availability (Funk 2007, Caplan 
and Yeakley 2010). This may be the case for R. niveus which showed more susceptibility 
to light and water availability; this particular trait may allow to R. niveus the more 
effective exploitation of resources or opportunities unutilized by the native species (Davis 
et al. 2000, Meiners 2007). Although all habitats are vulnerable to invasion (Williamson 
1996), the results from this experiment indicate water availability would be a limiting 
factor for the distribution of R. niveus in Galapagos.	  Rubus niveus has only been reported 
from the humid zone of the Galapagos highlands, unlike the four native species which are 
more widespread. This indicates that the islands’ dry lowland zones may therefore be less 
vulnerable to invasion by R. niveus (Rentería and Buddenhagen 2006, Atkinson et al. 
2008). 
The relative yields (RY) values of R. niveus and C. alba were not different from 1.0 in 
most of the mixtures combinations (except C. alba, density= 2) showing that both species 
grew equally well in mixture and monocultures. However, this clearly was not the case 
when P. rufipes grown with R. niveus; the relative yields of P. rufipes were lower than 
1.0 (density= 4) which indicates the effect of interspecific competition. On the other 
hand, R. niveus relative yield values were all significantly higher than 1.0; indicating that 
the effect of interspecific competition with P. rufipes was less than the intraspecific 
competition effect (Fowler 1982, Meekins and McCarthy 1999).  
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The ability of R. niveus to compete as well as or better than some understory plants could 
contribute to its success as an invasive plant in the Scalesia forest. The results of this 
study indicate that, in some instances, R. niveus maybe able to outcompete neighbouring 
species such as P. rufipes and affect their growth; however, its competitive ability with C. 
alba was not evident. The outcome of greenhouse competition experiments is notoriously 
dependent on the particular conditions of the trial; results of this experiment may have 
been more evident using more species and bigger density treatments (Jolliffe 2000). 
Unfortunately, such repeated experiments are difficult when plant material is hard to 
obtain or when experimental populations cannot be established easily. 
The estimation from this study is not an indication of the total number of species stored in 
the seed bank; however, it reveals which species will readily germinate at infested areas 
and natural forest. Due to the high spatial and temporal variation of seed banks, a higher 
number of soil samples would be required to accurately describe the abundance and 
composition. However, this study mainly focuses on comparing the proportion of 
available seeds of R. niveus and native species rather than in the structure and 
composition. 
In infested areas, the total amount of germinated seedlings of R. niveus was greater than 
the amount of germinated seedlings of native species, particularly extremely higher 
compared with woody shrubs and trees species which can confer to R. niveus competitive 
advantage during regeneration process and therefore reinvade sites easily if control is 
carried out (D'Antonio and Meyerson 2002, Vilà 2007, Oke et al. 2010). Invasive plant 
species often produce an abundance of seeds, and have very large persistent seed banks 
(Lonsdale 1988, Oke et al. 2010). Although there is not published evidence of a persistent 
seed bank of R. niveus, in the Galapagos Island, this species has a heavy seed production 
and fruits all year round forming a large seed bank with up to 7,000 seed/m² (Landázuri 
2002). In addition to the large seed bank, the faster germination of R. niveus compared 
with the natives species, provides a major competitive advantage for resources and space 
occupancy(Pérez-Fernández et al. 2000).  
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As expected, shrubs and trees of native species were poorly represented whereas herb 
species was the most predominate group; similar results were found by Wilkinson (2002) 
when comparing the soil seed bank of the Scalesia forest with an abandoned pasture. 
Although the stand vegetation is dominated by the endemic tree Scalesia pedunculata and 
shrubs species such as Tournefortia rufo-sericea and Chiococca alba (Shimizu 1997), 
presence of these species from the germinant seed bank was not evident. Infested areas 
and natural forest showed similar seed bank of native species within the growth forms; 
this indicates that native species are not yet see limited in infested areas, offering 
potential for regeneration if the invader could be controlled or eliminated (Panetta 1982, 
Richardson 1989, Dunbar and Facelli 1999, Turner et al. 2008). There is evidence that in 
sites severely affected by invasive plant species, both the seed density and species 
diversity of the native soil seed bank were significantly depressed (Holmes and Cowling 
1997, Dunbar and Facelli 1999, Vilà 2007). This does not seem to be the case of the 
Scalesia forest where the invasion process by R. niveus is relatively new (Itow 2003, 
Rentería and Buddenhagen 2006); this species occupies free gaps along the forest 
allowing seed dispersal from the surrounding native vegetation into the infested areas 
(Holl 1999, Wijdeven and Kuzee 2000). 
There was a low correspondence between the available seed bank and the regenerated 
vegetation after control of R. niveus. Although there was a large quantity of germinable 
seed of R. niveus available in the soil, nine months after control, regeneration from the 
soil seed bank was very low. This may be due to during the monitoring phase (2009). The 
Islands experienced a severe drought which affected the vegetation in general. The lack 
of soil moisture may have affected the seed germination and regeneration of R. niveus. 
On the other hand, there was regeneration of native species, particularly herbs and trees 
showing a greater tolerance of native species to water stress conditions (Hamann 1981, 
Shimizu 1997). 
With unrestricted water, light and space seedlings of R. niveus grew faster than four 
native species. Low light limited the growth of R. niveus and native species. Low water 
seems to affect R. niveus more than native species. Rubus niveus’s competitive ability 
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increases with inter and intra specific competition. In fact there seems to be a 
compensation effect at higher densities in which makes R. niveus more competitive. 
Although there was larger R. niveus seed bank in heavily infested vegetation, native 
species seeds number and density has not been yet affected. Under ideal conditions R. 
niveus seeds have the ability to germinate faster than native seedlings. However, in 
drought conditions R. niveus does not germinate well; this might be the reason that the 
seed bank did not reflect the germinated vegetation cover. All the field plots were early in 
the invasion process- probably with time have a more clear result on the impact on native 
seed bank.  
Results of this study suggest that there are several factors and the combination of them 
may allow R. niveus to successfully invade and eventually displace native plants in the 
Scalesia forest in Galapagos. Rubus niveus had a rapid growth in height, cover and foliar 
biomass, which may give advantage over native species to access for nutrients, water, or 
physical space. Rubus niveus as well natives showed tolerance to changes in light and 
water conditions; however, R. niveus had a better performance than native species when 
sources were available. The soil seed bank data demonstrated that native species may not 
be seed limited in the infested areas; however, the enormous seed bank of R. niveus 
would constrain the restoration of the native diversity from the native soil seed bank 
alone. This study is based upon work carried out on seedlings under controlled conditions 
for a limited period of time. As such it cannot address the total complexity of the R. 
niveus invasion within the Scalesia forest, although the findings conform to established 
invasive plant theories. 
 
  
 
Chapter 4  
Effects of canopy gaps and light conditions on occurrence and 
growth of the invasive plant Rubus niveus in the Scalesia forest 
Abstract 
Invasion success depends on specie’s life history attributes, favourable site conditions 
and a range of stochastic events. Understanding the success of invasions is important for 
developing effective management strategies. Using a series of field plots and greenhouse 
experiments, I examined the effects of forest canopy cover and light availability on the 
presence, patterns of germination, growth, and reproductive success of the invasive plant 
Rubus niveus. An increased density of R. niveus was significantly correlated with a low 
canopy cover; however, individual plants were also found to persist under very closed 
canopies. Rubus niveus seeds were able to germinate across all four different light 
treatments; however, significantly higher percentages of germination were obtained 
under intermediate light treatments. Plants growing under full sun exhibited significantly 
greater growth rates and biomass production than plants growing under medium or low 
light conditions; only plants growing under full light conditions were able to reproduce 
sexually or asexually. These results suggest that light availability is a key environmental 
determinant for the germination, growth, reproduction and subsequent invasion of R. 
niveus in the Scalesia forest.  
 
 
This chapter is the basis of: Renteria, J. L., Gardener, M. R., Atkinson, R. and. Crawley, M. J. Competitive 
ability in early growth stages of the invasive plant Rubus niveus, In prep. 
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4.1 Introduction 
Explaining plant invasion mechanisms is complicated due to the numerous environmental 
factors and species traits that interact to determine species invasiveness and community 
invasibility (Crawley 1987, Lonsdale 1999, Richardson and Pyšek 2006, Thuiller 2006). 
However, one repeatedly cited generalization is that resource competition is a critical 
factor determining the likelihood of plant invasions. Because resource competition so 
often determines plant community composition, changes in resource availability due to 
natural or anthropogenic disturbance can upset the balance of competition within 
communities, creating opportunities for novel species to invade (Davis et al. 2000, Fotelli 
et al. 2005). In many plant communities vulnerable to invasion, light availability may be 
equally or more important than nutrients availability in determining the likelihood of 
invasion (Crawley 1987, Richardson and Pyšek 2006).  
In most forests, tree-fall represents the main endogenous form of disturbance, with 
patterns of forest regeneration being closely linked with the resulting gap dynamics 
(Hubbell et al. 1999). Many aspects of the physical environment – such as light, humidity 
and temperature – are different in openings than beneath the canopy (Lieberman et al. 
1989, Baret et al. 2008), providing a range of niches for species with differing life history 
strategies. Exotic species are rarely found in undisturbed tropical forests, probably 
because the great majority of introduced species lack the necessary traits, especially 
shade tolerance, to invade these ecosystems (Baret et al. 2008). However, these species 
can readily invade disturbed forest, and in some cases may even dominate and irreparably 
change the ecosystem (Fine 2002) . Such invasions tend to be particularly severe on 
oceanic islands, where they sometimes cause a significant loss of biodiversity (Fritts and 
Rodda 1998). 
Vegetation successions in the Galápagos are influenced by major and frequent natural 
events such as volcanic eruptions, natural fires and the highly variable rainfall of the El 
Niño phenomenon. Since the arrival of man a few centuries ago, ecosystems and 
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succession patterns have also been subjected to disturbances caused by land use change, 
invasive alien species, man-made fires and by exploitation of natural resources (Hamann 
2001). Scalesia pedunculata (Asteraceae) is the largest of the endemic Scalesia genus; it 
is a tree, up to 15m tall, and is often dominant or even mono specific in the forest. During 
an El Niño, ocean temperatures dramatically increase, leading to high precipitation and 
cool air temperatures (Hamann 1985, Itow and Mueller-Dombois 1988, Tye et al. 2001). 
Years following an El Niño are often marked by drought. Native species are adapted to 
these events, and some—such as Scalesia pedunculata — are even dependent on them for 
regeneration through synchronous dieback and mass recruitment (Hamann 1979, 1985, 
Itow and Mueller-Dombois 1988). The invasion of introduced plants is usually either 
slow or impossible under closed canopies, but it may progress rapidly when there is such 
disturbance through dieback (Shimizu 1997, Itow 2003). In addition, it is possible that an 
invasion may proceed gradually in canopy gaps as individual trees die in non Niño years 
(Shimizu 1997). 
Rubus niveus is probably the most aggressive invasive plant species in Galapagos Islands. 
Rubus niveus is a large, thicket-forming, thorny shrub that is invading various habitats, 
including the Scalesia (hereafter used in place of Scalesia pedunculata) forest at Los 
Gemelos on the Santa Cruz Island. Dense stands of R. niveus are often found in open 
canopy areas as result of natural or anthropogenic disturbances. It often forms a mono-
specific shrub layer that may compete with tree seedlings and other smaller natives 
species for space, light, soil moisture and nutrients (see chapter 2). For invasive plants, 
there is extensive evidence that disturbance enhances the invasibility of native 
communities (Hobbs and Huenneke 1992, Huston 2004, Huebner and Tobin 2006, 
Degasperis and Motzkin 2007, Eschtruth and Battles 2009). Forest invasion by Rubus 
spp. following large-scale disturbances is well documented and is often related to 
increases in nutrients and light availability (Tilman 1987, Baret et al. 2004, Baret et al. 
2008, Gorchov et al. 2011). Invasion prevention, control, and restoration could be 
improved if there is better information on the relationships between canopy openings, 
light availability and the abundance and growth of R. niveus. This study reports on the 
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relationships between the presence of R. niveus and canopy cover and the patterns of 
germination, growth and reproduction under different light conditions. 
 
4.2 Methods 
4.2.1 Relationship between R. niveus abundance and forest canopy cover 
A total of 124 plots (2 x 2 m) were chosen throughout the Scalesia forest to represent a 
variety of cover densities of R. niveus (see Chapter 2 for a site/habitat description). In 
each plot the R. niveus abundance was assessed using the point-intercept sampling 
method. A metal rod was placed at 20 cm intervals along three equally spaced and 
parallel monitoring transects located at 0.5, 1 and 1.5 m resulting in a total of 30 points 
per plot. Cover percentage of R. niveus was calculated based on the frequency of 
occurrence in each plot; percentage of canopy cover was measured using a spherical 
densitometer. Generalized Linear Model (GLM) was used to assess the relationship 
between the presence of R. niveus and canopy cover. 
 
4.2.2 Effects of light availability on the germination of R. niveus 
Soil containing R. niveus seeds was collected from highly invaded sites at the Scalesia 
forest.  Soil was mixed together and subsamples of 200 g were put in plastic trays for 
germination under four different sun light conditions (100, 75, 50 and 10% of full 
sunlight). Percentage of sunlight provide by the shade treatments was measured using a 
digital light meter. Shade was provided using wooden cages covered with different 
thicknesses of shade cloth. A total of 14 trays (replicates) were used for each light 
treatment, water was applied regularly and not limited. The number of R. niveus seedlings 
that emerged from the soil samples was recorded for a period of 4 weeks when 
germination process stopped. A Generalized Linear Model (GLM) was used to assess the 
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effect of light on the emergence of R. niveus seedlings. An ANOVA was performed to 
test model significance  
 
4.2.3 Effects of light availability on growth and reproduction of R. niveus 
Rubus niveus seedlings were planted under three different sunlight treatments. A two year 
old Scalesia plantation was used as the low-light treatment (10%), a wooden structure 
covered with shade cloth was used as a medium-light (30%) treatment and an open area 
was used as a high-light treatment (100%). Percentage of sunlight provided by the shade 
treatments was measured using a digital light meter. Twenty four seedlings of R. niveus 
were used per treatment, plants were planted directly into the ground at 1 m spacing. 
After 12 months, plants were harvested and plant height, maximum stem length and foliar 
area were measured (total foliar area per plant was estimated from a subsample for 50 
leaves per treatment. The average leaf area was then multiplied by the total number of 
leaves per plant). These are indicators of the vertical and horizontal space a plant 
occupies and density within that space. All samples were dried at 45 °C for 5 days and 
weighed to obtain above ground biomass. Also number of canes producing roots 
(vegetative reproduction) and flowers (sexual reproduction) were recorded. Generalized 
Linear Models (GLM) were used to assess the effect of light on growth and biomass 
production of R. niveus. ANOVAs were performed to test the parameters’ significance. 
 
4.3 Results 
Rubus niveus was present along a light gradient in the Scalesia forest from open to nearly 
closed canopies (0-98% canopy cover); however density of R. niveus was affected by 
increasing canopy cover. The Generalized Linear Model (GLM) showed a significant 
negative relationship between the density of R. niveus and canopy cover (R2 = 0.69, P < 
0.001, figure 4.1) 
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Figure 4.1 Relationship between R. niveus density and canopy cover in the Scalesia forest. The 
regression line describes a significant negative correlation between the presence of R. niveus and 
the canopy cover. 
 
 
Figure 4.2 Number of R. niveus seedlings emerged after four weeks under four lights treatments. 
Lines within the box represent the median values of the number of germinated seedlings, the 
bottom and top edges of the box represent 25th and 75th percentiles of all data, respectively; and 
the bottom and top bars represent 5th and 95th percentiles. * denotes statistical significance 
amongst light treatments. ANOVA-GLM (Gaussian error distribution); F3,52 = 40.01, P < 0.001. 
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Rubus niveus seedlings emergence occurred across all light conditions; however there 
was significant variation in the amount of seedlings that emerged (figure 4.2). Rubus 
niveus seedlings emergence rates were significantly higher under medium light 
treatments (75 and 50%) than low light treatment (10%) and full sun (100%) (F3,52 = 
40.01, P < 0.001). There was also significant higher emergence of seedlings under the low 
light treatment than the full light treatment. On average, seedlings emergence under 
medium light conditions were 30 and 50% higher than low light and full light conditions 
respectively, whereas seedlings emergence under low light was 28% higher than full light 
conditions. 
The growth parameters of R. niveus differed significantly among light treatments, 
expressed as change in plant height, stem length, foliar area and above ground biomass 
(plant height: F2,67 = 67.6, P < 0.001; maximum stem length: F2,67 = 144.01, P < 0.001; 
foliar area: F2,67 = 266.2, P < 0.001, biomass: F2,67 = 274.4, P < 0.001) (figure 4.3). 
Overall, R. niveus showed a better performance when  under full sun light than the other 
two shaded treatments, as well as between the least shaded (30% sun light) and the most 
shaded treatment (10% sun light). As light availability decreased, the mean values on 
height, stem length, foliar area and above ground biomass of R. niveus decreased 
significantly. After 12 months, mean values of R. niveus growing under full light 
conditions were 2.3 and 4.7 fold greater for height, 1.7 and 6.7 fold greater on maximum 
stem length, 2.6 and 49.5 fold greater for foliar area, and 7.7 and 160. 3 fold greater for 
above ground biomass than least shaded and the most shaded treatment respectively. 
Rubus niveus also showed significant differences on the growth parameters between the 
two shade treatments; mean values of height, maximum stem length, foliar area and 
above ground biomass of plants growing under the medium shade (30% sun light) were 
2.1, 3.9, 19.1 and 20.9 fold greater than the deeply shaded treatment (10% sun light). 
Sexual and vegetative reproduction of R. niveus were also affected by the different light 
treatments; after 12 months, plants growing under the deeply shaded treatment neither 
produced any flowers nor showed signs of vegetative reproduction, about 26% of the 
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plants under the medium shaded treatment produced rooted canes whereas 33% and 75% 
of the plants under full light condition produced rooted canes and flowers respectively. 
 
	  
	  
Figure 4.3 Height, maximum stem length, foliar area and above ground biomass of R. niveus 
plants grown under three different light conditions. Lines within the box represent the median 
values of the number of each parameter, the bottom and top edges of the box represent 25th and 
75th percentiles of all data, respectively; and the bottom and top bars represent 5th and 95th 
percentiles. * denotes statistical significance amongst light treatments. ANOVA-GLM (Gaussian 
error distribution); plant height: F2,67 = 67.6, P < 0.001; maximum stem length: F2,67 = 144.01, P < 
0.001; foliar area: F2,67 = 266.2, P < 0.001, biomass: F2,67 = 274.4, P < 0.001. 
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4.4 Discussion 
Dense stands of R. niveus were often observed beneath gaps in the canopy formed as 
result of Scalesia tree-fall; however, R. niveus was also present at lower densities, or as 
individual plants, beneath closed canopies. This is consistent with other studies on 
invasive Rubus species which have found that cover was negatively correlated with 
higher levels of canopy cover (Gray 2005, Caplan and Yeakley 2006, Baret et al. 2008).  
The frequent occurrence of R. niveus within open areas may be explained by the fact that 
the species is better adapted to high, rather	  than low,	  light conditions. This explanation is 
consistent with other studies which found that some invasive Rubus species are confined 
only to open disturbed areas, with the species concerned exhibiting better performance 
under higher light levels (Caplan and Yeakley 2006). Although R. niveus occurred more 
frequently and had a higher density in open areas, low density stands and individual 
plants were also found where canopy cover was as high as 98%. This indicates that 
individuals can survive and persist within closed canopy conditions. Canopy cover could 
be the primary, but not the sole, factor controlling R. niveus distribution within the 
Scalseia forest.  
Field observations of establishment and survival under low light conditions are backed up 
by experiments under controlled conditions. Seedling emergence occurred from low to 
full light treatments but was higher at intermediate levels. Nevertheless, the almost 
complete absence of light (10 %) did not prevent seeds from germinating. Seeds can 
actually germinate without light but this was not tested (anecdotal evidence suggest that 
R. niveus can germinate with sufficient water and heat but not grow without light).   
However, some studies have shown that invasion by exotic plant species can occur under 
both low and high light availability (Myers et al. 2005, Baret et al. 2008, Vieira et al. 
2010). This adaptability in the response to different levels of light is a factor that can 
increase the invasion success (Barden 1987, Myers et al. 2005, Vieira et al. 2010). Lower 
rates of seedling emergence were found under the full light treatments but this was 
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probably more the result of direct exposure to solar radiation often caused drying of the 
soil samples and hence, water stress to seedlings.  
This potential for seed germination to occur in the presence of little or no light may allow 
R. niveus to colonize and occupy microhabitats even within the closed forest (Baret et al. 
2008). This trait, together with increased rates of seed dispersal by native and introduced 
fauna (Buddenhagen and Jewell 2006, Guerrero and Tye 2009), may enable R. niveus to 
colonize remote and undisturbed sites.  
While R. niveus was able to establish and growth under different light treatments, the 
species showed significantly higher growth rates in height, maximum stem length, foliar 
area and above ground biomass when grown in full sunlight than when grown in medium 
or nearly full shade. Hence, while tree-falls in the Scalesia forest could promote the rapid 
spread of R. niveus, its shade tolerance as an adult allows it to spread slowly even without 
any gaps being formed. This is in line with other invasive Rubus species that have been 
shown to be more physiologically efficient and capable of a greater photosynthetic rate 
leading to greater biomass and increase reproduction in forest canopy gaps (Hughes and 
Fahey 1991, Tappeiner et al. 1991, Ricard and Messier 1996, McDowell and Turner 
2002, Innis 2005).  
However, R. niveus may experience difficulty expanding vegetatively within a closed 
canopy environment. A potential implication of this limitation is that R. niveus thicket 
expansion by rooting canes may be slower within more heavily shaded areas. As in the 
case of some other invasive Rubus species, shoots that contribute to stand height are 
largely responsible for vegetative reproduction by arching over and rooting at their tips 
(Amor 1974). Stands of a shorter stature, produced under densely shaded canopies, may 
therefore be unable to expand as readily as taller ones (Gorchov et al. 2011).  
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The ability of R. niveus to reproduce sexually was also affected by light availability; 
plants growing under full sun light were able to produce both sexual and asexual 
reproductive structures whereas plants growing under shaded forest conditions did not 
show any sign of reproduction. Luminosity has been identified as a factor limiting 
reproduction in some Rubus spp. (Baret et al. 2004, Innis 2005, Gorchov et al. 2011).  
Growth and reproduction were greater under the higher light treatment, consistent with 
the idea that light availability is critical for expansion and reproduction of invasive Rubus 
spp. (Innis 2005, Gorchov et al. 2011).  
In summary, R. niveus can establish and persist under shady conditions but cannot 
reproduce. If light conditions later become sufficient, such as after a tree-fall, juvenile 
stems can then grow rapidly and reach maturity, as was observed with open areas during 
the study. 
 
  
 
Chapter 5  
Management of the invasive plant Rubus niveus on Santiago 
Island: eradication or indefinite control? 
Abstract 
The eradication of an invasive plant species can provide substantial ecological and 
economic benefits by eliminating completely the negative impacts of the weed and 
reducing the high cost of continuing control. A five year program towards the eradication 
of the invasive plant Rubus niveus in Santiago Island is evaluated using delimitation and 
extirpation criteria, as well as assessment of the community response to management 
techniques. Currently, R. niveus is located in the humid zone of Santiago island. It is 
distributed over three main infestations, with many scattered individuals and small 
patches within an area of approximately 1,000 ha. Adult and juvenile individuals are still 
found both within and beyond known infestations. After 5 years of intensive management, 
delimitation of R. niveus has not been achieved. New infestations of approximately 175 
ha are found each year. Both plant and seed bank density of R. niveus decreased over 
time where infestations were controlled. Species composition in the seed bank and 
vegetation structure were significantly different between areas under intensive control 
and uninvaded natural forest. The assessment has showed that the fundamental 
requirements for successful eradication have not been met; therefore the eradication 
seems unlikely with current methods and resources 
 
This chapter is the basis of: Renteria, J. L., Gardener, M. R., Panetta, D. F. and. Crawley, M. J. 
Management of the invasive plant Rubus niveus on Santiago Island: eradication or indefinite control? 
Invasive Plant Science and Management, In press. 
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5.1 Introduction 
Eradication is defined as the elimination of every single individual of a species (including 
propagules) from an area  in which re-colonization is unlikely to occur (Myers et al. 
1998). When managing invasive plants, eradication is the preferred course of action 
because other alternatives (such as containment or control to a level below an impact 
threshold) require permanent, ongoing investment of resources, unless an effective 
biological control can be found (Zavaleta 2000, Wittenberg and Cock 2001, Cunningham 
et al. 2004, Panetta and Timmins 2004, Gooden et al. 2009). For natural ecosystems, the 
ultimate goal of an eradication program is either to prevent negative impacts upon 
diversity and ecosystem function, or to reverse such impacts once they have occurred 
(Zavaleta et al. 2001). However, a careful analysis of eradication costs and likelihood of 
success must be made, and adequate resources mobilized, when eradication is attempted 
(Wittenberg and Cock 2001, Panetta 2009). It has been suggested that only the 
eradication of species occupying less than a hectare are likely to be realistic (Rejmánek 
and Pitcairn 2002), and though eradications over larger areas have been successful most 
completed eradication projects cheap because the infestations are small or some other 
element adds to the feasibility of the effort (e.g. recently introduced plants, or limited 
seed viability) (Rejmánek and Pitcairn 2002, Woldendorp et al. 2004, Buddenhagen 
2006, Tye 2007). 
Eradication success of invasive species depends on interplay of biological, operational, 
socio-political and economic factors (Simberloff 2003, Cacho et al. 2007, Gardener et al. 
2010a). Once the first three factors have been addressed, the required investment will 
ultimately determine whether eradication is feasible. Lack of continuous funding affects 
control programs, even when eradication is not the goal (Simberloff et al. 2005, Panetta 
2009). Some other complementary factors to be considered are the prevention of 
reinvasion and non-target impacts (Myers et al. 1998, Panetta 2009). 
In contrast to eradication efforts that target pest animals, plant eradication projects can be 
protracted owing to the presence of persistent seed banks and difficulties in detecting the 
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target (Simberloff 2003, Panetta 2004, Gardener et al. 2010b). Plant eradication programs 
typically require 10 years or more to complete (Mack and Lonsdale 2002, Cacho et al. 
2006). Knowledge of the extent of a weed incursion (the ‘delimitation’ criterion) and 
detectability are considered fundamental for eradication success, as spread and reinvasion 
of treated areas will occur where any infestations remain undetected and thus 
uncontrolled (Panetta and Lawes 2005, Cacho et al. 2007). 
When eradication is not feasible the next step in the sequence of management options is 
containment. As for eradication, containment requires delimitation of extent but its main 
objective is to prevent further spread. This is a challenge, particularly if the plant has 
effective dispersal mechanisms (Wittenberg and Cock 2001, Panetta 2009). The final 
option is sustained control. The objective here is to reduce the density of an invasive 
organism to below an acceptable threshold of impact (Wittenberg and Cock 2001, 
Zavaleta et al. 2001, Denslow 2007, Gooden et al. 2009). This latter strategy is typically 
implemented in sites where the impact is particularly unacceptable because important 
values are impacted, rather than wherever the invader occurs and signifies an ongoing 
investment where the decision to manage is driven (e.g. site-led control sensu) (Timmins 
and McAlpine 2008). 
When managing invasive plants in natural ecosystems, the most common objectives are 
the enhancement of wildlife habitat and the restoration and maintenance of native plant 
communities (Rice and Toney 1998). However, it is easy to get caught up with only 
managing the target weed and not consider weed impacts or responses of the infested 
community. Assessment of the germinable seed bank could provide an indication of the 
species that could colonize areas after control of the invasive (Panetta 1982, Rice and 
Toney 1998, Panetta 2004, Turner et al. 2008). Composition of the seed bank in 
controlled areas can also be used as a measure of eradication and restoration progress 
(Panetta 1982, Panetta and Groves 1990, Panetta 2004). 
Eradication programs for plants generally require relatively long-term funding and 
institutional commitment when compared with those targeting other pest organisms 
(Simberloff 2003, Panetta and Timmins 2004). It is therefore important that progress 
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towards the eradication objective be evaluated so that potentially successful programs can 
be distinguished from those that are destined to become indefinite control efforts 
(Bomford and O'Brien 1995, Panetta et al. 2011). The five year project to eradicate Rubus 
niveus Thunb. (Rosaceae) (blackberry), from the uninhabited island of Santiago in 
Galapagos National Park has reached the evaluation stage. Some unique elements of this 
project offer an opportunity to learn more about the eradication process. It is unclear 
when R. niveus arrived in Santiago but it has been present at least since 2001, when it 
was first discovered. Rubus niveus had a limited distribution but its spread has since 
become more obvious after a goat eradication program was completed in 2006 (Atkinson 
et al. 2008). Since 2006 an intensive control program has been carried out with the goal 
of eradication. Systematic control began in 2007 with the clear objective of eradication. 
Good records have been kept on search history, treatment, spatial location of controlled 
plants and costs (transport, material and labour). 
The objective of this study was to evaluate the effectiveness of the current project 
targeting R. niveus on Santiago Island. Using a series of criteria developed by Panetta and 
Lawes (2007), I investigated, in greater detail, the effectiveness of delimitation and 
containment efforts of the control program. I then assessed the plant community response 
to management action by comparing the composition of the seed bank and vegetation 
where R. niveus had been controlled with that in non-infested vegetation.  
 
5.2 Methods 
5.2.1 Site description 
Santiago Island in the centre of the Galapagos archipelago is the second largest of the 
uninhabited islands. Its size (58,465 ha), and altitude (the highest point is 908 m asl) have 
led to the formation of many vegetation types containing a rich biodiversity including 
single island endemics (Carrion et al. 2007, Atkinson et al. 2008). During 100 years, the 
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unique flora and fauna of Santiago Island were highly impacted by the presence of 
introduced herbivores (Hamann 1981, Tye 2003, Atkinson et al. 2008). The eradication 
of herbivores in 2006 has led to the rapid recovery of the native vegetation, including 
population increases of threatened single island endemics (Lavoie et al. 2007, Atkinson et 
al. 2008). However, the release from herbivory has also increased the abundance and 
distribution of introduced plants, including one of the worst weeds on the archipelago, R. 
niveus (Atkinson et al. 2008). 
 
5.2.2 Search and control strategies 
Control of R. niveus on Santiago Island began in 2001 when some plants were discovered 
by goat hunters in the site "La Naranja" (figure 5.1). It is not known when R. niveus 
arrived to Santiago, but it is likely that the species had been present for years prior to 
detection. The mechanism of its arrival is debated; it could be the result of inadvertent 
introduction by conservation managers or scientists who visit the island, or by bird 
dispersal of adjacent inhabited islands. As a result of the eradication of goats in 2006, the 
vegetation has been released from herbivore pressure, this may have stimulated the 
growth and spread of R. niveus. 
From 2001 to 2005 the control of R. niveus was carried out as a complementary activity 
to goat hunting; plants found during searching for goats were marked with GPS and then 
controlled manually or by using the herbicide glyphosate. Plants were discovered at "La 
Muela" in 2003 and "Pampa Larga" in 2005 (figure 5.1). During 2005 and 2006, the 
Charles Darwin Foundation (CDF) and the Galapagos National Park Directorate (GNPD) 
undertook some trips specifically for the control of R. niveus in Santiago Island, and thus 
officially started the campaign for the eradication of this species. Due to its reputation as 
a serious invader it was immediately concluded that eradications should be attempted. It 
wasn’t until 2007 that a program involving systematic control of the known infestations 
and surveillance for new infestations of R. niveus was established. Intensive surveillance, 
using equidistant points at a spacing of 5 m was carried out in the main infestations. 
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Since 2006 geographical information about patch size, location, reproductive status, 
search area, control history and seedling recruitment have been collected and stored in a 
database. Known infestations have been controlled every three to four months. 
 
5.2.3 Surveillance 
In 2007 a buffer of 200 m around each of the main infestations was included in the search 
area. Since 2007, field surveys have been conducted on foot by a field team of six people 
walking along pre-established transects and using GPS units. Because of the difficulty of 
detecting plants within thick vegetation, the search method was changed in 2008. The 
new method involved cutting transects at 50 m intervals across the entire width of the 
humid zone, and searching the surrounding area from horseback. A total of 180 new 
transects (each approximately 2 km long) have been cut, covering an area of 1800 ha in 
2010. A complete search is carried out once a year over a period of 12 months. In 
addition to the ground survey, three systematic helicopter searches (2007, 2009 and 2010) 
were completed over the total area. This method has been very effective for detecting 
isolated adult plants beyond the established search areas. The plants located using the 
helicopter were subsequently controlled and areas around these new plants searched 
systematically. 
 
5.2.4 Control method 
Small plants found along transects were removed by hand and adult plants were subjected 
to a foliar spray. Until 2007, Roundup (glyphosate) at 2% was the main herbicide used. In 
2008, a switch was made to chemicals with a longer residual time in the soil, thus aiding 
in the control of plants arising from the seed bank. The herbicide most commonly used 
was Truper (picloram) at 1%. 
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5.2.5 Data acquisition 
Information on the date of discovery, location, area and monitoring of each infestation 
was sourced from notes, field records and reports from the GNPS and the CDF. Records 
on infestation management were acquired for each infestation from 2006 to 2010. 
Management of R. niveus in Santiago Island has been carried out for 6 years at an 
approximate cost of $US 589,313. 
 
5.2.6 Seed bank sampling 
The seed bank is a key factor for the persistence of R. niveus. In order to develop a 
quantitative measure of success, I used presence of seed bank vs. time since control. We 
assumed that all patches had the same age (i.e. same initial seed bank) and seed input had 
not occurred since first control. Soil samples were taken from sites where intensive 
control had been carried out for different periods of time: 5, 4, 3, 1 and 0 years of control 
( n= 8, 6, 7, 8 and 6); in each control site a paired soil sample was taken from the adjacent 
uninfested forest to assess the seed bank composition. Samples were collected within a 1 
m² quadrat using a metal cylinder (4.5 cm diameter x 5 cm deep). Soil was put in trays, 
watered regularly and kept under optimal conditions in a shade house to maximize 
germination. Species and number of seedlings for each were recorded.  Additionally, a 
percentage cover estimation of all abundant species was made in a 3 x 3 m plot in the 
same infested and un-infested plots used for determining seed bank composition. 
 
5.2.7 Assessment against eradication criteria 
Infested areas (“net area”) were defined spatially by the convex polygons generated from 
all recorded GPS points that incorporated the outermost plants in an infestation. “Gross 
area” was defined as the area covered for monitoring purposes; it incorporated the limits 
5 R. niveus eradication in Santiago Island; programme evaluation 
85 
 
of the search effort in each year (Panetta and Timmins 2004, Panetta and Lawes 2005, 
Gardener et al. 2010b). 
Delimitation (D) was assessed in any given year using the formula from Panetta and 
Lawes (2007): 
Dn=Ad/[Pn+log(As+1)] 
where Ad represents the area of infestation newly detected in year n, Pn  represents the 
proportional change in total infested area between year n-1 and year n, and As represents 
the area that is searched in year n. D trends to zero as delimitation approaches 100% 
(Brooks et al. 2009). Conformity with the extirpation criterion was assessed through 
examination of the trends in the numbers of controlled individuals (adult and juvenile 
plants) over time (Panetta 2007, Brooks et al. 2009). 
Additionally, information from the database was displayed in ArcGIS. From the maps, I 
selected 16 monitoring sites where control started in 2006. In each site, a quadrat (30 x 30 
m) was marked. The total number of points/plants controlled within each quadrat per year 
was recorded. 
Linear models, Generalized Linear Models (GLM) and Principal Coordinates Analysis 
(PCO) were used to determine species aggregation patterns (see Chapter 2) to assist in the 
evaluation of the eradication program. 
5.3 Results 
5.3.1 Delimitation 
Currently (2010) R. niveus is located in three major infestations covering an approximate 
net area of 1,000 ha. It is localized in the highlands of Santiago, its distribution running 
from 400 masl to the highest part of the island (figure 5.1).  
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                       Figure 5.1 Spatial distribution of R. niveus on Santiago from 2002 to 2010. 
 
The area known to be infested by R. niveus has increased at a constant rate over time 
(figure 5.2). In 2008, the known net area increased two fold from the previous year. By 
2010 the infested area reached 920 ha, which represents 30% of its potential distribution 
in the humid zone. Assuming a conservative linear relationship between time and area of 
spread (figure 5.2), at the current rate it will take approximately 14 more years to reach 
its ecological maximum of 3,000 ha (approximate area of humid highlands) (figure 5.1). 
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Figure 5.2 Cumulative net infested area of R. niveus on Santiago using minimum convex 
polygons from 2006 to 2010. 
 
 
      
Figure 5.3 (a) Newly detected area infested by R. niveus and searched area on Santiago Island 
from 2006 to 2010. (b) Temporal trends in the delimitation measure (D) for R. niveus. 
 
5 R. niveus eradication in Santiago Island; programme evaluation 
88 
 
New infestations are constantly being found over time; net infested area is increasing at a 
rate of 175 ha/year-. The spatial pattern of R. niveus within this area is not uniform, 
manifesting as scattered individuals, clumps and dense patches. In 2008 there was a 
significant increase as result of additional plants found within and around the known 
infestation (figure 5.3a). In 2010 the full extent of the planned search area (1,800 ha) was 
completed and resulted in the detection of 210 ha. The D values increased because the 
search area continued to increase as new infestations were found (figure 5.3b). 
 
5.3.2 Extirpation criterion 
The ratio of juvenile to adult plants stayed roughly constant over time. An average of 
2,700 juvenile and 180 adult plants were controlled each year from 2006 to 2010. This is 
because new infestations with adult plants were found as search area increased. However, 
within the area of known distribution the density of plants declined in the last 2 years, 
indicating that the rate of removal has exceeded the rate of seedling emergence (figure 
5.4a). The mixed-effects model (lme) showed that the density of controlled plants in 2009 
and 2010 was significantly different from that of previous years.  
The soil seed bank of R. niveus seems to have declined considerably in areas where 
systematic and intensive control has been carried out. No R. niveus emerged from soil 
taken from sites where control has been carried out for more than 4 years (figure 5.4b). 
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Figure 5.4 (a) Number of plants controlled within the known infestations over time (* lme 
statistically significant, df = 4, F = 48.88, P = 0001); (b) Number of R. niveus seedlings 
germinated from soil samples in areas under intensive control. In year 0, soil samples soil 
samples were taken from recently discovered sites in which control was carried out only once. 
There were not sufficient sites to sample sites where control had been undertaken for 2 years. 
 
5.3.3 Community response to management  
Differences in the composition and abundance of species between the area under control 
and the natural forest were statistically significant (figure 5.5a, b). MANOVA using 2 
axis scores generated by the Principal Coordinates Analysis revealed differences between 
sites on the composition of the seed bank (MANOVA: df = 1, F = 14.001, P < 0.001); 
and stand vegetation (MANOVA: df = 1, F = 6.6917, P = 0.002) (figure 5a, b). 
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Figure 5.5 Principal Coordinates Analysis (PCO, k=2) describing vascular plant species 
composition and abundance in the area where R. niveus was controlled (filled circles) and the 
adjacent natural forest (empty circles). (a) Seedling species abundance (MANOVA: df = 1, F = 
14.001, P <  0.001); (b) species presence as determined from the vegetation survey (MANOVA: 
df = 1, F = 6.6917, P = 0.0022). 
 
Furthermore, seed banks in the disturbed controlled area and adjacent undisturbed natural 
forest were clearly different. There were almost no woody plants in the seed bank of the 
controlled area and more annual species such as Hyptis spp and Kyllinga brevifolia and 
grass (Paspalum conjugatum). 
However, both areas had a much similar vegetation, with woody species (Zanthoxylum 
fagara, Iochroma ellipticus, Tournefortia rufo-sericea, Psidium galapageium, and 
Psychotria rufipes) being slightly more abundant in unmanaged areas. Similarly, the 
herbaceous layer was made up of the same species but Paspalum conjugatum, Pteris 
quadriaurita, Hyptis spp. Rubus niveus were more abundant in the managed areas 
whereas the fern Ctenitis sloanei and herbs Pleuropetalum darwinii, Commelina diffusa, 
Alternanthera halimifolia, Blechnum brownei were all more abundant in the unmanaged 
areas. 
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Figure 5.6 Vegetation cover in areas under control and adjacent natural forest. *statistically 
significant. ANOVA-GLM (quasi-Binomial error distribution); Herbs: F5,64 = 10.43 =, P < 0.001; 
shrubs: F5,64 = 11.99, P < 0.001; trees: F5,64 = 4.16, P = 0.002). 
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Differences in cover within strata between natural forest and controlled areas were 
statistically significant (Herbs:  F5,64 = 10.43 =, P < 0.001; shrubs: F5,64 = 11.99, P < 0.001; 
trees: F5,64 = 4.16, P = 0.002). Vegetation structure was clearly different between controlled 
infestations and adjacent natural forest, with trees and shrubs being dominant in the 
natural forest and herbs (and grasses) dominating vegetation in controlled areas (figure 
5.6). 
Recruitment in controlled areas comprised principally the grass Paspalum conjugatum 
and annual herbs, including the introduced Hyptis spp. (H. rhomboidea and H. pectinata). 
Interestingly, the introduced Kyllinga brevifolia was abundant in seed bank but not in 
extant vegetation (probably not right time of year). Disturbance from control actions 
facilitated the spread of several ephemeral weed species such as Hyptis spp. and Bidens 
pilosa. Hence the controlled areas appeared to be on a trajectory toward grass and herb 
land (figure 5.6). 
 
5.4 Discussion 
After four years of intensive management, delimitation of R. niveus in Santiago Island 
has yet to be achieved. New populations continue to be found throughout the island on an 
annual basis. The surveillance techniques used thus far have not been completely 
effective for locating individuals before they reach maturity and produce seeds, hence 
seed dispersal and seedling establishment is ongoing. Most of the sites where the plant 
has been located are accessible. Control has been very effective in reducing plant density 
and depleting the seed bank in known populations. 
New R. niveus populations are continually being found despite a systematic, expensive 
and well designed surveillance and control effort. Owing to thick vegetation, distance 
between searchers, rapid maturation of the species and search frequency, not all R. niveus 
plants can be found before they produce fruits. Hence birds continue to disperse seeds 
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(Guerrero 2002, Landázuri 2002, Buddenhagen and Jewell 2006, Soria 2006), which 
makes it difficult to prevent seed dispersal beyond the search areas. 
Worldwide, R. niveus has an extensive climatic range; it is found as high as 3,000 m in its 
native range and as low as 100 m in the tropics (Morton 1987, Weber 2003, FCD and 
DPNG 2009). In Galapagos, however, it seems to be limited to the humid and very humid 
zones where edaphic conditions (especially depth, moisture holding capacity and fertility) 
may be more suitable (Itow 1995, Hamann 2001, Rentería and Buddenhagen 2006, 
Atkinson et al. 2008). 
In 2007 systematic searching on foot commenced over an area of 260 ha. In 2008 
searching on horseback was started, covering 250 ha. While this new surveillance 
strategy is time consuming (necessitating wider paths), the advantage of searching from 
horseback is significant, as the observer is above the vegetation and can detect plants 
readily. By 2010, the area searched increased seven fold (1,800 ha) and represented about 
60% of the humid zone of Santiago Island (figure 5.3a). Helicopters have been used 
successfully to locate distant or large patches of mature of R. niveus. However, due to the 
height from which observations are made, helicopter searches have proved less effective 
in locating smaller patches of R. niveus. 
Most plants in controlled sites, were removed before reaching maturity and hence did not 
replenish the seed bank; it appears to become exhausted after 4 years. According to 
Landázuri (2002), R. niveus seeds buried in the soil for a year germinated in about 80%; 
Panetta (1982)found a rapid loss in seed viability of R. polyanthemos. However there is 
evidence that seed bank of some Rubus spp. can persist for more than 10 years (Oosting 
and Humphreys 1940, Olmsted and Curtis 1947, Graber and Thompson 1978, Whitney 
1986), so I cannot rule out the possibility that dormant seeds could remain in the soil seed 
bank. 
Although vascular plant diversity was similar in both areas, management activity appears 
to have altered community dynamics; controlled areas are apparently on different 
trajectories (Marrs 1985, Rice et al. 1997, Crone et al. 2009). The woody vegetation in 
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controlled areas remained from pre control times, having mostly survived off-target 
impacts of herbicide applications. In general, long-lived plants often have traits enabling 
local populations to persist, even when habitat quality deteriorates (Eriksson and Ehrlén 
2001). 
Soil seed bank assessment did not detect woody species in controlled areas. The 
continued use of herbicides may have resulted in reduced seed production of the remnant 
woody individuals, and also may have affected directly the seeds in the soil (Rice et al. 
1997). Nevertheless, the soil germination method may not be the most appropriate to 
detect the presence of woody species. 
Following eradication of herbivores from Santiago Island, the impacted vegetation in the 
humid zone has been recovering (Tye 2003, Carrion et al. 2007, Lavoie et al. 2007, 
Atkinson et al. 2008). However, in areas where intensive management was carried out for 
5 years, the cover of trees and shrubs was reduced considerably; intensive control with 
herbicides has resulted in a transition from vegetation dominated by R. niveus to 
grassland. Non-target effects of herbicide have the potential to cause population declines 
and shift plant community composition (Marrs 1985, Rice et al. 1997, Crone et al. 2009). 
Where the forest is more intact low light conditions prevail which suits many species, 
particularly ferns. Only the more weedy ferns such as Pteridium aquilinum and Pteris 
quadriaurita were found in the open controlled areas. However, the light conditions in 
the natural forest were still not low enough to prevent the recruitment and growth of R. 
niveus. About the only vegetation dense enough to prevent R. niveus recruitment is that 
dominated by Paspalum conjugatum, but this would also prevent recruitment of almost 
all other plants. 
Although there is willingness from the authorities to manage hill raspberry, and they 
regard it as one of the top priorities in Galapagos, funding for the project is not 
forthcoming. The eradication of R. niveus from Santiago Island does not seem feasible 
primarily due to the fact that is currently impossible to find all individual plants before 
flowering. 
  
 
Chapter 6  
General discussion 
Invasive plant species present one of the greatest threats to ecological communities in the 
world, and one of the greatest challenges for the conservation of natural ecosystem in 
Galapagos. Management of invasive plants in Galapagos to date has focused on removing 
the target weed and assuming that the system would recover following control of the 
invader. However, in natural areas, controlling the target weed commonly fails to result 
in system recovery (Ortega and Pearson 2011). Effective management of invasive species 
requires the integration of community ecology theory, invasion biology and 
logistic/economic considerations to form a pragmatic management framework. This 
pragmatic approach has not been followed to date for management of R. niveus in 
Galapagos, and as a result management actions have been largely unsuccessful. Thus, 
successful weed management in natural areas requires that we have a basic understanding 
of: the system under consideration (its stability); the impacts of the target weed on system 
components and processes; the threshold at which these impacts occur and whether they 
are reversible; and finally a knowledge of how management tools interact with the target 
weed and system to minimize off target effects (Adair and Groves 1998, Pearson and 
Ortega 2009, Paterson et al. 2011). 
Current management methods for R. niveus are focused on the chemical control of adult 
plants which is largely successful but does not prevent reinvasions in the short term from 
the seed bank and in longer time scales from long distance dispersal. This results in the 
need for repeated control over the long term, which represents high costs, and 
increasingly degraded ecosystems from off-target impacts. This project aimed to produce 
base lines on the impacts, invasion ecology and effectiveness of current control of the 
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invasive plant R. niveus in the Galapagos Islands. Findings of this study should provide 
insight in developing an integrated and effective strategy to improve the efficacy of R. 
niveus management leading to the restoration of functioning highland ecological 
communities in Galapagos. In this final discussion, I present a short summary of the main 
findings obtained, management implications and future research. 
 
6.1 Summary of main findings 
6.1.1 R. niveus impacts on the Scalesia forest 
• High levels of R. niveus invasion were associated with lower plant species 
diversity and different species composition compared with areas of lesser levels 
of invasion.  
• Cover (abundance) of herbs, shrubs and trees in infested areas was dramatically 
reduced when R. niveus cover was high; this was particularly obvious for the 
endemic dominant tree Scalesia pedunculata, and native shrub Chiococca alba. 
• There was a substantial difference in vegetation structure between slightly and 
highly invaded areas; a predominantly tall closed forest dominated by S. 
pedunculata compared to a low, dense R. niveus-dominated shrubland.  
• Major changes in soil proprieties including soil nutrients were not yet evident in 
invaded versus non-invaded areas. 
• Effects on various biological parameters were evident when the cover of R. niveus 
was over 60%. This could be considered to be a threshold and a target for 
successful management. 
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6.1.2 Competitive abilities of R. niveus 
• Rubus niveus showed faster growth rates and biomass production than four native 
woody species found in the Scalesia forest. 
• Light was the factor that caused the most variation in growth and biomass 
production of both R. niveus and native species; lack of water affected mainly the 
performance of R. niveus whereas native species were more resilient. 
• Rubus niveus seedlings showed strong intraspecific competition and also a 
potential to outcompete neighbouring species due to the species’ higher relative 
growth and biomass production. 
• Infested areas and natural Scalesia forest showed similar seed bank composition 
and density of native species; however, R. niveus had a larger seed bank than 
native species in infested areas. 
• Shrubs and trees of native species were poorly represented in the seed bank in 
both infested areas and the natural forest. Herbaceous and annual species were 
much more common.  
• Reinvasion of R. niveus from the seed bank was not evident nine months after 
control despite presence of seed bank (because of the temporary lack of water). 
 
6.1.3 Canopy and light effects on R. niveus performance 
• Rubus niveus was denser and had greater cover in areas with open native tree 
canopies; however, a closed canopy did not entirely exclude R. niveus which still 
was found at low densities. 
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• Highest R. niveus seedling emergence was observed under medium light 
treatments; however, seedling emergence also occurred in both the low and full 
light treatments.  
• Rubus niveus showed significantly higher growth rates and above ground biomass 
production when grown in full exposure to sunlight 
• After 12 months, R. niveus was able to produce both sexual and asexual 
reproductive structures under full sun light treatment only. 
 
6.1.4 R. niveus eradication in Santiago Island; programme evaluation 
•  The total distribution of R. niveus in Santiago Island is still unknown even with an 
intensive monitoring and control programme now in its fifth year. New 
populations continue to be found on an annual basis. As a result the infested area 
and search area keep increasing with time. 
•  The plant surveillance technique is not completely effective, adult plants are still 
being found therefore seed dispersal and seedling establishment can not be 
stopped 
•  Rubus niveus distribution seems to be limited to the humid and very humid zones 
of Santiago Island. 
•  After four years of intensive management, known R. niveus populations have 
been effectively removed and the seed bank appears to be reduced substantially. 
•  Intense and repeated herbicide control in infested areas has impacted negatively 
the cover of trees and shrubs, resulting in a transition from vegetation dominated 
by R. niveus to grassland. 
 
6 General discussion 
99 
 
6.2 Management implications 
Rubus niveus has been said to be the most invasive plant species introduced to the 
Galapagos Islands because of its ability to out compete native vegetation and disperse 
long distance. Invasive plant species are often assumed to alter plant species richness, 
diversity, and composition of natural communities, but studies that quantify those 
assumed impacts are scarce (Alvarez and Cushman 2002). Despite the great threat by 
invasive plants to natural ecosystems, almost no studies have been carried out that 
demonstrate the magnitude of those impacts in Galapagos (Adsersen 1990, Shimizu 
1997, Jäger et al. 2007). This study provides strong evidence that R. niveus has a negative 
impact on biodiversity and vegetation structure in the Scalesia forest in Galapagos. High 
levels of R. niveus invasion were associated with lower plant species richness of both 
native and non-native species, lower species abundance, and different forest composition 
and structure compared with lesser levels of invasion. This represents a generalized effect 
of the invader on native communities. These results confirm perceptions that R. niveus 
invasion is harmful to the Galapagos vegetation communities (Rentería and Buddenhagen 
2006). This concurs with current understanding of invasive plants impacts on natural 
ecosystems and particularly to impacts associated with invasion by Rubus spp. 
worldwide.  
Rubus niveus showed higher growth rates than native species supporting the hypothesis 
that invasive plant species have a greater performance advantage than native species 
(Rejmánek and Richardson 1996, Milberg 1999, Daehler 2003). Results of this study 
suggest that there are several factors, which may interact, which allow R. niveus to 
successfully invade and eventually displace native plants in the Scalesia forest in 
Galapagos. Rubus niveus had rapid growth in height, cover and foliar biomass, which 
may gave it a spatial advantage over native species to access light, nutrients and water. 
Rubus niveus as well as natives showed tolerance to changes in light and water 
conditions; however, R. niveus had better performance than native species when light, but 
not water, was limited. The soil seed bank data demonstrated that native species may not 
be seed limited in infested areas; however, the enormous seed bank of R. niveus would 
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constrain the restoration of the native diversity. Whilst I have used both field and 
experimental studies to elucidate mechanisms for R. niveus invasion within the Scalesia 
forest such studies can never address all the interactions and complexities. 
Findings of the present study indicate that tree-fall gaps may play an important role in the 
invasion process of R. niveus at the Scalesia forest in the Galapagos Islands. This study 
clearly indicates that canopy gaps may allow the establishment and the rapid spread of 
the invasive R. niveus. Although R. niveus tolerates a variety of light levels and soil 
conditions, like other Rubus spp., adequate soil moisture and light appear important for 
growth and reproduction (Baret et al. 2004). The key stages in the life history of R. niveus 
indicating its competitive advantage over natives in the Scalesia forest are presented in 
Figure 6.1. 
Habitat characteristics influence the success of invasive species; resource availability 
plays an important role, especially soil nitrogen and light availability. Disturbed habitats 
generally have higher light and soil nutrient levels than adjacent, undisturbed areas, 
especially in forests (Ricard and Messier 1996). There is often a strong association 
between recent disturbance and invasive species colonization (Meekins and McCarthy 
2001). The Scalesia forest in Santa Cruz island is now restricted to 1.1 % of its original 
range (Mauchamp and Atkinson 2010), and these remaining patches are small and 
isolated surrounded by pasture or mixed invasive forest. These areas act as reservoirs for 
R. niveus, increasing the ease of invasion into the forest patches. Because disturbance 
caused by individual tree-fall or synchronous Scalesia dieback are periodic events, and 
essential for the regeneration of many native species in the Scalesia forest (Hamann 1985, 
Itow 1995, Shimizu 1997) the forest is progressively degraded in a heterogeneous manner 
but with the same eventual result. 
Management to control any invasive plant species should be considered in a whole 
ecosystem context, based upon an understanding of how forest dynamics and structure 
affects the spread of alien species (Svejcar 2003, D'Antonio and Jackson 2004). 
Additionally, the effort to control species such as R. niveus in the Scalesia forest should 
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consider the secondary effects caused by such control measurements. Using herbicides 
may be effective to kill adults; however, it creates new open spaces that may stimulate 
the reestablishment and reinvasion of R. niveus from its seed bank or from seed 
immigration. Complementary activities should be considered for integrated management 
and restoration of the Scalesia forest such as active establishment of native canopy 
species. Although R. niveus can establish and grow under different canopy conditions, 
shade from a fast growing species such as the Scalesia pedunculata, when planted at high 
densities, may help suppress its growth and delay reproduction. 
 
Figure 6.1 Key stages in the life history of R. niveus indicating its competitive advantage over 
natives in the Scalesia forest (*Results generated from this study).  
 
Germination 
Optimal under intermediate light but can 
germinate under all light levels.*  
Lower germination when water limited.*  
Germinates all year round. 
Growth rate & Survival 
Matures at 8-10 months.  
Can survive and out compete native 
species under all light conditions.  
Limited by water.*  
Rapid expansion in forest gaps by 
vegetative propagation.*  
Long-lived perennial. 
Reproduction 
High seed production all year round 
(peak from November-January).   
Self pollination suspected.  
Higher seed production under high light 
conditions.*   
Vegetative reproduction via cane tips 
and from root stock higher under high 
light conditions.* 
Seed bank 
Seeds viable for at least 4 years.*   
Seed bank density much larger than 
woody perennial native seed bank.* 
Seed dispersal 
Short distance by birds and falling fruits.   
Long distance by birds, rodents, humans. 
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During the last two decades, the Galapagos National Park Directorate and the Charles 
Darwin Foundation have been carrying out control programmes in order to restore natural 
areas that have been degraded by invasive plant species. Control has proved to be costly 
and long term and at best has only slowed the spread of invasives. Similarly, eradication 
has had limited success with only four (all small and targeting species without seed 
banks) out of 30 projects achieving their target (Gardener et al. 2010a). Hence, there is an 
obvious need to evaluate the current five year eradication program against R. niveus in 
Santiago Island and to try and explain its failure. While intensive herbicide control of 
known populations has been used very effectively to reduce the invasion, given the 
results presented here, eradication may not be a feasible goal with current search methods 
and resource levels, primarily due to the failure to find all plants before they fruit. If 
fundamental requirements needed for species eradication are to be met, increase in the 
frequency and extent of search and control operations will be needed, with all known 
sites and potential infestation sites being visited within each four month interval in order 
to prevent all fruit production. This requires a highly systematic approach and long-term 
financial commitment from the National Park Directorate as it is unlikely that a project of 
this kind would receive funding from an independent donor. If these prerequisites are not 
met, a decision will have to be made whether to continue the work indefinitely with the 
aim of reducing the R. niveus’ impact below a threshold. There are 24 threatened plant 
species in the highlands of Santiago; focusing efforts to protect these could be a more 
realistic goal. 
Impacts on the native plant communities of the Scalesia forest were evident when R. 
niveus cover was over 60%. Future management of R. niveus for biodiversity 
conservation should have the aim of reducing the density to below this level. 
Nevertheless, this threshold value should be viewed with caution when applied beyond 
this site as this study was conducted in only one location and for a short period of time. 
Furthermore, there may be a time lag before impact is complete so the precautionary 
principle should be used to assign an even lower threshold (e.g. 40%). Additionally, new 
studies have shown that invasive plant species may seriously affect not just plant 
diversity but the whole ecosystem (Gerber et al. 2008) affecting  higher trophic levels, 
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altering community interactions, and even  disrupting ecological processes that underpin 
the functionality of the system (Gerber et al. 2008, Pearson and Ortega 2009). Therefore 
it will be necessary to know the level the impacts of R. niveus on other plant communities 
as well as to look at other components and functions of the ecosystem. 
Herbicide application alone is not a viable long term control strategy for the control of 
widespread weed species. It is therefore necessary to combine single species control 
methods with strategies for managing ecosystems to increase resistance to the invasive 
(Hobbs and Humphries 1995, Denslow 2007). This requires a greater understanding of 
how the invasive species spread and dominate plant communities, a better understanding 
of non-target herbicide effects, consideration of alternative control methods and 
additional restoration activities (Hobbs and Humphries 1995). This understanding could 
be acquired through a carefully monitored adaptive management approach. 
Biological control could be a good and cost-effective long term control strategy to reduce 
the density of R. niveus to below a threshold of impact in Galapagos. A feasibility study 
(FCD and DPNG 2009) has indicated that development of an agent requires a financial 
commitment over 5 years similar to that being invested yearly to control the same 1,000 
infested hectares (approximately $US 1,000,000). Whilst, this investment may seem high, 
more than $US 500,000 was spent on the Santiago eradication attempt in the last 5 years- 
if I included all control work done on R. niveus in the last 5 years this number would 
easily exceed $US 1,000,000. Furthermore, biological control would provide a lasting 
solution and only require minimal evaluation and monitoring expenses once 
implemented. While there is risk involved with the release of any new exotic organism, 
these are almost negligible if the risk management protocols are strictly followed. 
Furthermore, there are no native Rubus or Rosaceae to Galapagos. In addition, R. niveus 
is part of a tribe of Rubus species from the old world, so it is very unlikely that a 
biological control agent would affect the new world Rubus species native to mainland 
Ecuador. 
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Biological control is it is often considered to be the best, safest, and most cost-effective 
of long-term management of widespread invasive weeds (Julien and White 1997). 
Additional advantages associated with biological control include: comparatively 
inexpensive, little threat to non-target organisms, self-perpetuating and proliferating and 
comparatively low environmental impacts. There are, however, certain risks associated 
with this type of management, the main being an unintended host shift of a biological 
control agent and slow uptake of the agent (Julien and White 1997) a process usually 
takes 10 or more years in addition to the fact that biological control is a long-term 
management approach rather than an eradicative measure. It is important to weigh these 
risks against those of alternative control methods and the potential impact of the invasive 
plant (Ehler 1996, Simberloff and Stiling 1996, McFadyen 1998). 
If we wish to develop a more effective management strategy for R. nivues that results 
either in its containment or eventual eradication in sites where Rubus is so far rare, or in 
site restoration in sites already degraded by the species, it is necessary to assemble and 
analyse these parameters in a model which allows us to better understand the invasions 
process, identify key life stages and the implications of different management strategies 
(Buckley et al. 2003, Buckley et al. 2004). 
Current aims and actions undertaken by the National Park Directorate for the 
management of R niveus as an incipient weed (in Santiago) and as an established weed 
(in Los Gemelos) are summarized in Table 6.1, along with proposed new aims and 
management actions based on the findings of this study. 
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Table 6.1 Summary of current aims and actions undertaken by the National Park Directorate for the management of R. niveus as a) an incipient weed 
(in Santiago Island) and b) as an established weed (in Los Gemelos). 
a) 
Current goal: Eradication from Santiago Island Proposed goal: Containment- 
Management Actions: Consequences Constraints Proposed management actions 
1. Exhaustive searching every 6 
months 
Most plants found within search area Search success not 100% effective 
making eradication goal difficult 
More frequent search effort incorporating new or several 
techniques to ensure 100% success rate before flowering 
2. Record of location information Good feedback information for future 
control  
Requires consistent data collection by 
trained team. 
Continue with effective information recording to allow for 
adaptive management. 
2. Uproot seedlings Effective control  Easy to miss seedlings Use pre-emergent herbicides immediately around controlled 
adults 
3. Herbicide control adults Effective control of adults Non target effects unknown Reduce disturbance to a minimum 
 
b) 
 
Current goal: containment and reduction of infested area 
Proposed goal: Control to agreed threshold to ensure 
ecosystem restoration and function- 
Management Actions Consequences Constraints Proposed management actions 
1. Herbicide control of adults 
once every year 
Effective control of adult plants While adult native trees survive most 
understorey plants and seedlings killed. 
Bare ground created. More light gaps. 
Increased dominance of R. niveus. 
Encourage increased canopy cover including use of woody 
exotic species. Keep intervention to minimum where canopy 
cover is high. 
2. Replanting Scalesia seedlings 
one every 2 metre immediately 
following control 
Scalesia transplant well and grow Planting not dense enough to prevent 
R. niveus reinvasion 
Plant high density of Scalesia (1 per 0.5-1m)* 
Reduce seed bank through targeted control of adults with 
flowers 
Monitor and adapt strategy 
Development of biological control agent to reduce cost of 
control, disturbance and herbicide use  
* During El Niño diebacks intensive planting will be necessary to reduce gap areas as fast as possible 
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6.3 Future research 
Management of invasive species requires an understanding of the mechanisms underlying 
the invasion process. The results from this thesis provide important baseline information 
in order to fully understand the complexity of R. niveus invasion in one natural ecosystem 
in Galapagos. Following the main findings of this study, further research should be 
considered towards the development of an integrated management strategy for R. niveus. 
Impact studies should be refined to look in more detail at the effects of R. niveus on other 
ecosystem components and functions; this will be critical to prioritizing control efforts 
(wildlife impacts, nutrients cycling, food webs, ecosystem services). A better 
understanding of the dynamics of the forest regeneration process and actions to accelerate 
this process will also be fundamental in order to effectively implement restoration (e.g. 
seed bank dynamics, ecological succession). Herbicide has been an effective tool for 
controlling R. niveus at local scales. However, the long-term effects of continue herbicide 
applications on non-target species and ecosystem components are unknown. Search for 
alternative control methods including ones that focus on the promotion of regeneration of 
native and/or nonnative desirable species should be considered. Fast growing trees or 
grasses may establish rapidly could reduce the resources available to R. niveus and 
minimize the speed and extent of invasion. Biological control is one of the few tools that 
has been proven effective at controlling widespread invasive of plants; this appears to be 
one of the most appropriate long-term management options for R. niveus in Galapagos. 
Because of the complexity of managing invasive plants, developing models that 
synthesize the relevant ecological and economic information about R. niveus 
management will be a useful tool for managers. Data from this thesis and from other 
relevant studies on R. niveus in Galapagos will provide the necessary information to 
develop these models. Modelling allow the identification of key life-cycle stages survival 
and expansion of invading populations and can therefore be used to determine the most 
effective management strategy. 
 
  
107 
 
References 
Aarssen, L. W. and G. A. Epp. 1990. Neighbour manipulations in natural vegetation: a 
review. Journal of Vegetation Science 1:13-30. 
Adair, R. J. and E. Bruzzese. 2006. Blackberry: treading a prickly path to effective 
biological control in Australia. Pages 557-560 in 15th Australian Weeds 
Conference: Managing weeds in a changing climate, Adelaide, South Australia. 
Adair, R. J. and R. H. Groves. 1998. Impact of environmental weeds on biodiversity: a 
review and development of a methodology. Biodiversity Group, Environment 
Australia, Canberra. 
Adsersen, H. 1990. Permanent vegetation quadrats in Galápagos. Pages 149-153 in J. E. 
Lawesson, O. Hamann, G. Rogers, G. Reck, and H. Ochoa, editors. Botanical 
research and management in Galápagos. Missouri Botanical Garden, St. Louis. 
Alvarez, M. E. and J. H. Cushman. 2002. Community-level consequences of a plant 
invasion: effects on three habitats in coastal California. Ecological Applications 
12:1434-1444. 
Amor, R. L. 1974. Ecology and control of blackberry (Rubus fruticosus L. agg.) II. 
Reproduction. Weed Research 14:231-238. 
Asner, G. P., R. F. Hughes, P. M. Vitousek, D. E. Knapp, T. Kennedy-Bowdoin, J. 
Boardman, R. E. Martin, M. Eastwood, and R. O. Green. 2008. Invasive plants 
transform the three-dimensional structure of rain forests. Proceedings of the 
National Academy of Sciences 105:4519-4523. 
Atkinson, R., J. L. Rentería, and W. Simbaña. 2008. The consequences of herbivore 
eradication on Santiago: are we in time to prevent ecosystem degradation again? 
in: Galapagos Report 2007-2008. Puerto Ayora, Galapagos, Ecuador. 
Baker, H. G. 1974. The evolution of weeds. Annual Review of Ecology and Systematics 
5:1-24. 
Barden, L. S. 1987. Invasion of Microstegium vimineum (Poaceae), an exotic, annual, 
shade-tolerant, C4 grass, into a North Carolina floodplain. American Midland 
Naturalist 118:40-45. 
Baret, S., S. Maurice, T. Le Bourgeois, and D. Strasberg. 2004. Altitudinal variation in 
fertility and vegetative growth in the invasive plant Rubus alceifolius Poiret 
(Rosaceae), on Reunion Island. Plant Ecology 172:265-273. 
Baret, S. P., L. Cournac, C. Thébaud, P. Edwards, and D. Strasberg. 2008. Effects of 
canopy gap size on recruitment and invasion of the non-indigenous Rubus 
alceifolius in lowland tropical rain forest on Réunion. Journal of Tropical Ecology 
24:337-345. 
Begon, M., J. L. Harper, and C. R. Townsend. 1996. Ecology: Individuals, populations, 
and communities. 3rd edition. Blackwell Science, Oxford. 
Bell, J. J. and D. K. A. Barnes. 2003. Effect of disturbance on assemblages: an example 
using porifera. Biol Bull 205:144-159. 
Bensted-Smith, R., editor. 2002. A biodiversity vision for the Galapágos Islands. Charles 
Darwin Foundation and World Wildlife Fund. 
References 
108 
 
Binggeli, P. 1996. A taxonomic, biogeographical and ecological overview of invasive 
woody plants. Journal of Vegetation Science 7:121-124. 
Blossey, B. 1999. Before, during and after: the need for long-term monitoring in invasive 
plant species management. Biological Invasions 1:301-311. 
Blossey, B. and R. Notzold. 1995. Evolution of increased competitive ability in invasive 
nonindigenous plants: a hypothesis. Journal of Ecology 83:887-889. 
Bomford, M. and P. O'Brien. 1995. Eradication or control for vertebrate pests? Wildlife 
Society Bulletin 23:249-255. 
Brooks, S., F. Panetta, and T. Sydes. 2009. Progress towards the eradication of three 
melastome shrub species from northern Australian rainforests. Plant Protection 
Quarterly 24:71-78. 
Bryson, C. T. and R. Carter. 2004. Biology of pathways for invasive weeds1. Weed 
Technology 18:1216-1220. 
Buckley, Y. 2007. Disturbance, invasion and re-invasion: managing the weed-shaped 
hole in disturbed ecosystems. Ecology Letters 10:809-817. 
Buckley, Y. M., D. T. Briese, and M. Rees. 2003. Demography and management of the 
invasive plant species Hypericum perforatum. II. Construction and use of an 
individual-based model to predict population dynamics and the effects of 
management strategies. The Journal of Applied Ecology 40:494-507. 
Buckley, Y. M., M. Rees, Q. Paynter, and M. Lonsdale. 2004. Modelling integrated weed 
management of an invasive shrub in tropical Australia. The Journal of Applied 
Ecology 41:547-560. 
Buddenhagen, C. E. 2006. The successful eradication of two blackberry species Rubus 
megalococcus and R. adenotrichos (Rosaceae) from Santa Cruz Island, 
Galapagos, Ecuador. Pacific Conservation Biology 12:272-278. 
Buddenhagen, C. E. and K. J. Jewell. 2006. Invasive plant seed viability after processing 
by some endemic Galapagos birds. Ornitología Neotropical 17:73-80. 
Burns, J. H. 2006. Relatedness and Environment Affect Traits Associated with Invasive 
and Noninvasive Introduced Commelinaceae. Ecological Applications 16:1367-
1376. 
Cacho, O., D. Spring, P. C. Pheloung, and S. Hester. 2006. Evaluating the feasibility of 
eradicating an invasion. Biological Invasions 8:903-913. 
Cacho, O. J., S. Hester, and D. Spring. 2007. Applying search theory to determine the 
feasibility of eradicating an invasive population in natural environments. 
Australian Journal of Agricultural and Resource Economics 51:425-443. 
Callaway, R. M. and E. T. Aschehoug. 2000. Invasive plants versus their new and old 
neighbors: a mechanism for exotic invasion. Science 290:521-523. 
Caplan, J. and J. Yeakley. 2006. Rubus armeniacus (Himalayan blackberry) occurrence 
and growth in relation to soil and light conditions in western Oregon. Northwest 
Science 80:9-17. 
Caplan, J. and J. Yeakley. 2010. Water relations advantages for invasive Rubus 
armeniacus over two native ruderal congeners. Plant Ecology 210:169-179. 
Carrion, V., C. J. Donlan, K. Campbell, C. Lavoie, and F. Cruz. 2007. Feral donkey 
(Equus asinus) eradications in the Galapagos. Biodiversity and Conservation 
16:437-445. 
References 
109 
 
Clarke, K. R. and R. M. Warwick. 2001. Change in Marine Communities: An Approach 
to Statistical Analysis and Interpretation. 2nd Edition. PRIMER-e Ltd, Plymouth 
Marine Laboratory. 
Colautti, R. I. and H. J. MacIsaac. 2004. A neutral terminology to define ‘invasive’ 
species. Diversity and Distributions 10(2): 135-141. 
Crawley, M. J. 1986. The population biology of invaders. Philosophical Transactions of 
the Royal Society of London. Series B, Biological Sciences 314:711-731. 
Crawley, M. J. 1987. What makes a community invasible? Pages 429-453 in A. J. Gray, 
M. J. Crawley, and P. J. Edwards, editors. Colonization, succession and stability. 
Blackwell, Oxford. 
Crone, E. E., M. Marler, and D. E. Pearson. 2009. Non-target effects of broadleaf 
herbicide on a native perennial forb: a demographic framework for assessing and 
minimizing impacts. Journal of Applied Ecology 46:673-682. 
Cronk, Q. C. B. and J. L. Fuller. 1995. Plant Invaders. The threat to natural ecosystems. 
Chapman and Hall, London. 
Cunningham, D. C., S. C. Barry, G. Woldendorp, and M. B. Burgess. 2004. A framework 
for prioritizing sleeper weeds for eradication. Weed technology 18:1189-1193. 
Daehler, C. C. 2003. Performance comparisons of co-occurring native and alien invasive 
plants: implications for conservation and restoration. Annual Review of Ecology 
Evolution and Systematics 34:183-211. 
D'Antonio, C. M. and N. E. Jackson. 2004. Invasive plants in natural and managed 
systems - Linking science and management - Preface. Weed technology 18:1180-
1181. 
D'Antonio, C. M., J. Levine, and M. Thomsen. 2001. Ecosystem resistance to invasion 
and the role of propagule supply: a California perspective. Journal of 
Mediterranean Ecology 2:233-245. 
D'Antonio, C. M. and L. A. Meyerson. 2002. Exotic plant species as problems and 
solutions in ecological restoration: a synthesis. Restoration Ecology 10:703-713. 
D'Antonio, C. M. and P. Vitousek. 1992. Biological invasions by exotic grasses, the 
grass/fire cycle, and global change. Annual Review of Ecology and Systematics 
23:63-87. 
Davis, M. A. 2000. Eight ways to be a colonizer; two ways to be an invader: a proposed 
nomenclature scheme for invasion ecology. Bulletin of the Ecological Society of 
America 81:226. 
Davis, M. A., J. P. Grime, and K. Thompson. 2000. Fluctuating resources in plant 
communities: a general theory of invasibility. Journal of Ecology 88:528-534. 
DeFalco, L. A., D. R. Bryla, V. Smith-Longozo, and R. S. Nowak. 2003. Are Mojave 
desert annual species equal? Resource acquisition and allocation for the invasive 
grass Bromus madritensis subsp. rubens (Poaceae) and two native species. 
American Journal of Botany 90:1045-1053. 
Degasperis, B. G. and G. Motzkin. 2007. Windows of opportunity: historical and 
ecological controls on Berberis thunbergii invasions. Ecology 88:3115-3125. 
Denslow, J. 2007. Managing dominance of invasive plants in wildlands. Current Science 
93:1579-1586. 
References 
110 
 
Di Castri, A. J., A. J. Hansen, and M. Debussche. 1990. Biological invasions in Europe 
and the Mediterranean basin. Kluwer Academic Publishing, Dordecht. 
DiTomaso, J. M. 2000. Invasive weeds in rangelands: species, impacts, and management. 
Weed Science 48:255. 
Dunbar, K. R. and J. M. Facelli. 1999. The impact of a novel invasive species,Orbea 
variegata (African carrion flower), on the chenopod shrublands of South 
Australia. Journal of Arid Environments 41:37-48. 
Ehler, L. E. 1996. Biological control: benefits and risks. Environmental Entomology 
25:1462-1462. 
Ehrenfeld, J. G. 2003. Effects of exotic plant invasions on soil nutrient cycling processes. 
Ecosystems 6:503-523. 
Ehrenfeld, J. G. 2010. Ecosystem Consequences of Biological Invasions. Annual Review 
of Ecology, Evolution, and Systematics 41:59-80. 
Ehrenfeld, J. G., P. Kourtev, and W. Huang. 2001. Changes in soil functions following 
invasions of exotic understory plants in deciduous forests. Ecological 
Applications 11:1287-1300. 
Eriksson, O. and J. Ehrlén. 2001. Landscape fragmentation and the viability of plant 
populations. Pages 157-175 in J. Silvertown and J. Antonovics, editors. 
Integrating ecology and evolution in a spatial context. Blackwell, Oxford. 
Eschtruth, A. K. and J. J. Battles. 2009. Assessing the relative importance of disturbance, 
herbivory, diversity, and propagule pressure in exotic plant invasion. Ecological 
Monographs 79:265-280. 
Fargione, J., C. S. Brown, and D. Tilman. 2003. Community assembly and invasion: an 
experimental test of neutral versus niche processes. Proceedings of the National 
Academy of Sciences 100:8916-8920. 
Fundación Charles Darwin and Dirección del Parque Nacional Galapagos. 2009. 
Diagnóstico y planificación para el desarrollo de un agente de control biológico 
para Rubus niveus en las islas Galápagos. Puerto Ayora, Santa Cruz, Galápagos, 
Ecuador. 
Fine, P. V. 2002. The invasibility of tropical forests by exotic plants. Journal of Tropical 
Ecology 18:687-705. 
Forcella, F., J. T. Wood, and S. P. Dillon. 1986. Characteristics distinguishing invasive 
weeds within echium. Weed Research 26:351-364. 
Fotelli, M., P. Rudolph, H. Rennenberg, and A. Gessler. 2005. Irradiance and temperature 
affect the competitive interference of blackberry on the physiology of European 
beech seedlings. The New Phytologist 165:453-462. 
Fowler, N. 1982. Competition and coexistence in a North Carolina grassland: III. 
Mixtures of component species. Journal of Ecology 70:77-92. 
Fritts, T. H. and G. H. Rodda. 1998. The role of introduced species in the degradation of 
island ecosystems: a case history of Guam. Annual Review of Ecology and 
Systematics 29:113-140. 
Funk, J. L. 2007. Resource-use efficiency and plant invasion in low-resource systems. 
Nature 446:1079. 
References 
111 
 
Gaertner, M., A. den Breeyen, C. Hui, and D. M. Richardson. 2009. Impacts of alien 
plant invasions on species richness in Mediterranean-type ecosystems: a meta-
analysis. Progress in Physical Geography 33:319-338. 
Gaines, W. L., P. Singleton, and A. L. Gold. 2000. Conservation of rare carnivores in the 
North Cascades Ecosystem, western North America. Natural Areas Journal 
20:366-375. 
Gardener, M. R., R. Atkinson, and J. L. Renteria. 2010. Eradications and people: lessons 
from the plant eradication program in Galapagos. Restoration Ecology 18:20-29. 
Gardener, M. R., S. Cordell, M. Anderson, and R. D. Tunnicliffe. 2010. Evaluating the 
long-term project to eradicate the rangeland weed Martynia annua L.: linking 
community with conservation. The Rangeland Journal 32:407–417. 
Gerber, E., C. Krebs, C. Murrell, M. Moretti, R. Rocklin, and U. Schaffner. 2008. Exotic 
invasive knotweeds (Fallopia spp.) negatively affect native plant and invertebrate 
assemblages in European riparian habitats. Biological Conservation 141:646-654. 
Gooden, B., K. French, P. J. Turner, and P. O. Downey. 2009. Impact threshold for an 
alien plant invader, Lantana camara L., on native plant communities. Biological 
Conservation 142:2631-2641. 
Gorchov, D. L., E. Thompson, J. A. Y. O'Neill, D. Whigham, and D. A. Noe. 2011. 
Treefall gaps required for establishment, but not survival, of invasive Rubus 
phoenicolasius in deciduous forest, Maryland, USA. Plant Species Biology 
26:221-234. 
Gower, J. C. 1966. Some distance properties of latent root and vector methods used in 
multivariate analysis. Biometrika 53:325–338. 
Graber, R. E. and D. F. Thompson. 1978. Seeds in the organic layers and soil of four 
beech-birch-maple stands. USDA Forest Service. 
Gratton, C. and R. F. Denno. 2005. Restoration of arthropod assemblages in a spartina 
salt marsh following removal of the invasive plant Phragmites australis. 
Restoration Ecology 13:358-372. 
Gray, A. 2005. Eight nonnative plants in western Oregon forests: associations with 
environment and management. Environmental Monitoring and Assessment 
100:109-127. 
Grime, J. P. 2001. Plant strategies, vegetation processes, and ecosystem properties. John 
Wiley & Sons, New York.  
Grotkopp, E. and M. Rejmanek. 2007. High seedling relative growth rate and specific 
leaf area are traits of invasive species: phylogenetically independent contrasts of 
woody angiospernis. American Journal of Botany 94:526-532. 
Grotkopp, E., M. Rejmánek, and T. L. Rost. 2002. Toward a causal explanation of plant 
invasiveness: seedling growth and life-history strategies of 29 pine (Pinus) 
species. The American Naturalist 159:396-419. 
Groves, H., J. Williams, and S. Corey. 1998. Towards an integrated management system 
for blackberry (Rubus fruticosus L. agg.). Proceedings of a workshop held at 
Albury, New South Wales, Australia, on 15-16 December 1997. Plant Protection 
Quarterly 13:151-204. 
Guerrero, A. and A. Tye. 2009. Darwin's finches as seed predators and dispersers. The 
Wilson Journal of Ornithology 121:752-764. 
References 
112 
 
Guerrero, A. M. 2002. El rol de las aves en el proceso de dispersión de semillas de 
plantas nativas e introducidas en Santa Cruz-Galápagos. Universidad Central de 
Ecuador, Quito, Ecuador. 
Guézou, A., M. Trueman, C. E. Buddenhagen, S. Chamorro, A. M. Guerrero, P. Pozo, 
and R. Atkinson. 2010. An extensive alien plant inventory from the inhabited 
areas of Galapagos. PLoS ONE 5:e10276. 
Gurevitch, J., L. L. Morrow, W. Alison, and J. S. Walsh. 1992. A meta-analysis of 
competition in field experiments. The American Naturalist 140:539-572. 
Gurevitch, J. and D. K. Padilla. 2004. Are invasive species a major cause of extinctions? 
Trends in Ecology & Evolution 19:470-474. 
Hamann, O. 1979. Dynamics of a stand of Scalesia pedunculata Hooker fil., Santa Cruz 
Island, Galápagos. Botanical Journal of the Linnean Society 78:67-84. 
Hamann, O. 1981. Plant communities of the Galapagos Islands. Dansk Botanisk Arkiv 
34:1-163. 
Hamann, O. 1985. The El Niño influence on the Galápagos Islands. Pages 299-330 In R. 
A. D. Pino, editor. El Niño en las Islas Galápagos: el evento de 1982-1983. 
Fundacion Charles Darwin, Quito, Ecuador 
Hamann, O. 2001. Demographic studies of three indigenous stand-forming plant taxa 
(Scalesia, Opuntia, and Bursera) in the Galápagos Islands, Ecuador. Biodiversity 
and Conservation 10:223-250. 
Hansen, M. J. 2007. Evaluating management strategies and recovery of an invasive grass 
(Agropyron cristatum) using matrix population models. Biological Conservation 
140:91-99. 
Herbold, B. and P. B. Moyle. 1986. Introduced species and vacant niches. The American 
Naturalist 128:751-760. 
Higgins, S. I. and D. M. Richardson. 1996. A review of models of alien plant spread. 
Ecological Modelling 87:249-265. 
Hobbs, R. J., E. Higgs, and J. A. Harris. 2009. Novel ecosystems: implications for 
conservation and restoration. Trends in Ecology & Evolution 24:599-605. 
Hobbs, R. J. and L. F. Huenneke. 1992. Disturbance, diversity, and invasion: implications 
for conservation. Conservation Biology 6:324-337. 
Hobbs, R. J. and S. E. Humphries. 1995. An integrated approach to the ecology and 
management of plant invasions. Conservation Biology 9:761-770. 
Hobbs, R. J. and D. A. Norton. 1996. Towards a conceptual framework for restoration 
ecology. Restoration Ecology 4:93-110. 
Holl, K. D. 1999. Factors limiting tropical rain forest regeneration in abandoned pasture: 
Seed rain, seed germination, microclimate, and soil. Biotropica 31:229-242. 
Holmes, P. M. and R. M. Cowling. 1997. Diversity, composition and guild structure 
relationships between soil-stored seed banks and mature vegetation in alien plant-
invaded South African fynbos shrublands. Plant Ecology 133:107-122. 
Hubbell, S. P., R. B. Foster, S. T. O'Brien, K. E. Harms, R. Condit, B. Wechsler, S. J. 
Wright, and S. L. de Lao. 1999. Light-gap disturbances, recruitment limitation, 
and tree diversity in a neotropical forest. Science 283:554-557. 
Huebner, C. and P. Tobin. 2006. Invasibility of mature and 15-year-old deciduous forests 
by exotic plants. Plant Ecology 186:57-68. 
References 
113 
 
Huenneke, L. F. and J. K. Thomson. 1995. Potential interference between a threatened 
endemic thistle and an invasive non-native plant. Conservation Biology 9:416-
425. 
Hughes, J. W. and T. J. Fahey. 1991. Colonization dynamics of herbs and shrubs in a 
disturbed northern hardwood forest. Journal of Ecology 79:605-616. 
Huston, M. A. 2004. Management strategies for plant invasions: manipulating 
productivity, disturbance, and competition. Diversity and Distributions 10:167-
178. 
Innis, A., F. 2005. Comparative ecology of the invasive Rubus phoenicolasius and the 
native Rubus argutus. University of Maryland, College Park, Maryland 
Itow, S. 1988. Species diversity of mainland- and island forests in the Pacific area. 
Vegetatio 77:193-200. 
Itow, S. 1995. Phytogeography and ecology of Scalesia (Compositae) endemic to the 
Galápagos Islands. Pacific Science 49:17-30. 
Itow, S. 2003. Zonation pattern, succession process and invasion by aliens in species poor 
insular vegetation of the Galápagos Islands. Global Environmental Research 7:39-
58. 
Itow, S. and D. Mueller-Dombois. 1988. Population structure, stand-level dieback and 
recovery of Scalesia pedunculata forest in the Galápagos Islands, Ecuador. 
Ecological Research 3:333-339. 
Jäger, H. 1999. Impact of the introduced tree Cinchona pubescens Vahl. on the native 
flora of the highlands of Santa Cruz Island (Galapagos Islands). Diplomarbeit. 
University of Oldenburg, Oldenburg. 
Jäger, H., I. Kowarik, and A. Tye. 2009. Destruction without extinction: long-term 
impacts of an invasive tree species on Galápagos highland vegetation. Journal of 
ecology 97:1252-1263. 
Jäger, H., A. Tye, and I. Kowarik. 2007. Tree invasion in naturally treeless environments: 
impacts of quinine (Cinchona pubescens) trees on native vegetation in Galapagos. 
Biological Conservation 140:297-307. 
Jakobs, G., E. Weber, and P. J. Edwards. 2004. Introduced plants of the invasive 
Solidago gigantea (Asteraceae) are larger and grow denser than conspecifics in 
the native range. Diversity and Distributions 10:11-19. 
Jolliffe, P. A. 2000. The replacement series. Journal of Ecology 88:371-385. 
Julien, M. and G. White. 1997. Biological control of weeds: theory and practical 
application. Australian Centre for International Agricultural Research, Canberra. 
Keane, R. M. and M. J. Crawley. 2002. Exotic plant invasions and the enemy release 
hypothesis. Trends in Ecology and Evolution 17:164-170. 
King, S., E. and J. B. Grace. 2000. The effects of gap size and disturbance type on 
invasion of wet pine savanna by cogongrass, Imperata cylindrica (Poaceae). 
American Journal of Botany 87:1279-1286. 
Kolar, C. S. and D. M. Lodge. 2001. Progress in invasion biology: predicting invaders. 
Trends in Ecology & Evolution 16:199-204. 
Lake, J. C. and M. R. Leishman. 2004. Invasion success of exotic plants in natural 
ecosystems: the role of disturbance, plant attributes and freedom from herbivores. 
Biological Conservation 117:215-226. 
References 
114 
 
Laurelle, L. 1966. Study of soil sequence of Indefatigable Island. Pages 87–92 in R. I. 
Bowman, editor. The Galapagos, proceedings of the symposia of the Galapagos 
international scientific project. University of California Press, Berkeley, 
California, USA. 
Landázuri, O. d. P. 2002. Distribución, fenología reproductiva y dynámica del banco de 
semillas de mora (Rubus niveus Thunb) en la parte alta de la isla Santa Cruz, 
Galápagos. Doctora en biología. Universidad Central del Ecuador, Quito,Ecuador 
Lavoie, C., F. Cruz, G. V. Carrion, K. Campbell, C. J. Donland, S. Harcourt, and M. 
Moya. 2007. The thematic atlas of Project Isabela: an illustrative document 
describing, step-by-step, the biggest successful goat eradication project on the 
Galapagos Islands 1998-2006  Charles Darwin Foundation, Puerto Ayora, 
Galapagos, Ecuador. 
Lawesson, J. E. and L. Ortiz. 1990. Plantas introducidas en las islas Galapagos. Pages 
201-210 in J. E. Lawesson, O. Hamann, G. Rogers, G. Reck, and H. Ochoa, 
editors. Botanical Research and Management in Galapagos. Missouri Botanical 
Garden, St. Louis, .U.S.A. 
Levine, J., M. Vila, C. D'Antonio, J. Dukes, K. Grigulis, and S. Lavorel. 2003. 
Mechanisms underlying the impacts of exotic plant invasions. Proceedings of the 
Royal Society. Biological Sciences 270:775-781. 
Levine, J. M. 2001. Local interactions, dispersal, and native and exotic plant diversity 
along a California stream. Oikos 95:397-408. 
Levine, J. M. 2004. A meta-analysis of biotic resistance to exotic plant invasions. 
Ecology Letters 7:975. 
Lieberman, M., D. Lieberman, and R. Peralta. 1989. Forests are not just Swiss cheese: 
canopy stereogeometry of non-gaps in tropical forests. Ecology 70:550-552. 
Lloret, F., F. Médail, G. Brundu, I. Camarda, E. Moragues, J. Rita, P. Lambdon, and P. E. 
Hulme. 2005. Species attributes and invasion success by alien plants on 
mediterranean islands. Journal of Ecology 93:512-520. 
Lonsdale, W. 1988. Seed bank dynamics in Mimosa pigra, an invasive tropical shrub. 
The Journal of Applied Ecology 25:963-976. 
Lonsdale, W. M. 1999. Global patterns of plant invasions and the concept of invasibility. 
Ecology 80:1522-1536. 
Loope, L. L., O. Hamann, and C. P. Stone. 1988. Comparative conservation biology of 
oceanic archipelagoes. Hawaii and the Galápagos. BioScience 38:272-282. 
Loreau, M., S. Naeem, P. Inchausti, J. Bengtsson, J. P. Grime, A. Hector, D. U. Hooper, 
M. A. Huston, D. Raffaelli, B. Schmid, D. Tilman, and D. A. Wardle. 2001. 
Biodiversity and ecosystem functioning: current knowledge and future challenges. 
Science 294:804-808. 
Macdonald, I. A. W., C. Thebaud, W. A. Strahm, and D. Strasberg. 1991. Effects of alien 
plant invasions on native vegetation remnants on La Réunion (Mascarene-Islands, 
Indian-Ocean). Environmental Conservation 18:51-61. 
Mack, R. N. and W. M. Lonsdale. 2002. Eradicating invasive plants: hard-won lessons 
for islands. Pages 164-172 in Turning the Tide: The Eradication of Invasive 
Species. IUCN, Gland. 
References 
115 
 
Mack, R. N., D. Simberloff, W. M. Lonsdale, H. Evans, M. Clout, and F. A. Bazzaz. 
2000. Biotic invasions: causes, epidemiology, global consequences, and control. 
Ecological Applications 10:689-710. 
Maron, J. L. and M. Vila. 2001. When do herbivores affect plant invasion? Evidence for 
the natural enemies and biotic resistance hypotheses. Oikos 95:361-373. 
Marrs, R. H. 1985. The effects of potential bracken and scrub control herbicides on 
lowland Calluna and grass heath communities in East Anglia, UK. Biological 
Conservation 32:13-32. 
Mauchamp, A. and I. Aldaz. 1997. The CDRS herbarium, an old new research tool for 
Galapagos. Noticias de Galápagos 58:27-28. 
Mauchamp, A. and R. Atkinson. 2010. Pérdida de hábitat rápida, reciente e irreversible: 
los bosques de Scalesia en las islas Galápagos En: Informe Galápagos 2009-2010. 
Puerto Ayora, Galápagos, Ecuador. 
McDowell, S. C. L. 2002. Photosynthetic characteristics of invasive and non-invasive 
species of Rubus (Rosaceae). American Journal of Botany 89:1431-1438. 
McDowell, S. C. L. and D. P. Turner. 2002. Reproductive effort in invasive and non-
invasive Rubus. Oecologia 133:102-111. 
McFadyen, R. E. C. 1998. Biological control of weeds. Annual Review of Entomology 
43:369. 
McKinney, M. L. and J. L. Lockwood. 1999. Biotic homogenization: a few winners 
replacing many losers in the next mass extinction. Trends in Ecology & Evolution 
14:450-453. 
Meekins, J. F. and B. C. McCarthy. 1999. Competitive Ability of Alliaria petiolata 
(Garlic Mustard, Brassicaceae), an Invasive, Nonindigenous Forest Herb. 
International Journal of Plant Sciences 160:743-752. 
Meekins, J. F. and B. C. McCarthy. 2001. Effect of environmental variation on the 
Iivasive success of a nonindigenous forest herb. Ecological Applications 11:1336-
1348. 
Meiners, S. 2007. Native and exotic plant species exhibit similar population dynamics 
during succession. Ecology 88:1098-1104. 
Milberg, P. 1999. Survival and growth of native and exotic composites in response to a 
nutrient gradient. Plant Ecology 145:125-132. 
Moll, E. 1990. An evaluation of the status of invasive plants on Santa Cruz. Charles 
Darwin Research Station, Puerto Ayora, Galapagos, Ecuador. 
Mooney, H. A. and E. E. Cleland. 2001. The evolutionary impact of invasive species. 
Proceedings of the National Academy of Sciences of the United States of America 
98:5446-5451. 
Mooney, H. A. and R. J. Hobbs. 2000. Invasive species in a changing world. Island Press, 
Washington DC. 
Morton, J. 1987. Mysore Raspberry. Pages 109-110 in J. F. Morton, editor. Fruits of 
warm climates. Florida Flair Books, Miami. 
Myers, C. V., R. C. Anderson, and D. L. Byers. 2005. Influence of shading on the growth 
and leaf photosynthesis of the invasive non-indigenous plant garlic mustard 
[Alliaria petiolata (M. Bieb) Cavara and Grande] grown under simulated late-
winter to mid-spring conditions. Bulletin of the Torrey Botanical Club 132:1-10. 
References 
116 
 
Myers, J. H., A. Savoie, and E. v. Randen. 1998. Eradication and pest management. 
Annual Review of Entomology 43:471-491. 
Oke, S. O., O. T. Oladipo, C. C. Ndiribe, D. S. Akinyemi, and O. M. Ojo. 2010. Soil seed 
bank dynamics in Tithonia diversifolia dominated fallowland vegetation in Ile-Ife 
area of southwestern Nigeria. Agricultura - Agricultura- Ştiinţă şi practică 19:32-
45. 
Olmsted, N. W. and J. D. Curtis. 1947. Seeds of the forest floor. Ecology 28:49-52. 
Oosting, H. J. and M. E. Humphreys. 1940. Buried viable seeds in a successional series 
of old field and forest soils. Bulletin of the Torrey Botanical Club 67:253-273. 
Ortega, Y. and D. Pearson. 2011. Long-term effects of weed control with picloram along 
a gradient of spotted knapweed invasion. Rangeland Ecology & Management 
64:67-77. 
Panetta, F. and R. James. 1999. Weed control thresholds: a useful concept in natural 
ecosystems? Plant Protection Quarterly 14:68-76. 
Panetta, F. D. 1982. In situ potential for rehabilitation of sites dominated by blackberry 
(Rubus polyanthemos Lindeb.). Weed Research 22:1-6. 
Panetta, F. D. 1999. Can we afford to delay action against weeds in valued natural areas? 
Pages 144-148. University of Tasmania, Hobart. 
Panetta, F. D. 2004. Seed banks: the bane of the weed eradicator. Pages 523-526. Weed 
Society of New South Wales, Sydney. 
Panetta, F. D. 2007. Evaluation of weed eradication programs: containment and 
extirpation. Diversity and Distributions 13:33-41. 
Panetta, F. D. 2009. Weed eradication - an economic perspective. Invasive plant science 
and management 2:360-368. 
Panetta, F. D., O. Cacho, S. Hester, N. Sims-Chilton, and S. Brooks. 2011. Estimating 
and influencing the duration of weed eradication programmes. Journal of Applied 
Ecology  
Panetta, F. D. and R. H. Groves. 1990. Weed management and revegetation programmes. 
Proceedings of the Ecological Society of Australia 16:545-549. 
Panetta, F. D. and R. Lawes. 2005. Evaluation of weed eradication programs: the 
delimitation of extent. Diversity and Distributions 11:435-442. 
Panetta, F. D. and S. Timmins. 2004. Evaluating the feasibility of eradication for 
terrestrial weed incursions. Plant Protection Quarterly 19:5-11. 
Paterson, I. D., J. A. Coetzee, M. P. Hill, and D. D. Downie. 2011. A pre-release 
assessment of the relationship between the invasive alien plant, Pereskia aculeata 
Miller (Cactaceae), and native plant biodiversity in South Africa. Biological 
Control 57:59-65. 
Pavlik, B. M. 1990. Reintroduction of Amsinckia grandiflora to Stewartville. California 
Department of Fish and Game, Sacramento. 
Pearson, D. E. and Y. K. Ortega. 2009. Managing invasive plants in natural areas: 
moving beyond control. Pages 1-21 in R. V. Kingley, editor. Weeds: 
Management, Economic Impacts and Biology. Nova Publishers, New York. 
Pérez-Fernández, M. A., B. B. Lamont, A. L. Marwick, and W. G. Lamont. 2000. 
Germination of seven exotic weeds and seven native species in south-western 
Australia under steady and fluctuating water supply. Acta Oecologica 21:323-336. 
References 
117 
 
Pimentel, D. 2001. Economic and environmental threats of alien plant, animal, and 
microbe invasions. Agriculture, Ecosystems & Environment 84:1. 
Prach, K., P. Pysek, and M. Bastl. 2001. Spontaneous vegetation succession in human-
disturbed habitats: a pattern across seres. Applied Vegetation Science 4:83-88. 
Pyšek, P., K. Prach, and P. Smilauer. 1995. Relating invasion success to plant traits: An 
analysis of the Czech alien flora. Plant Invasions. Pages 39-60 in P. Pyšek, K. 
Prach, M. Rejmánek, and M. Wade, editors. Plant invasions - General aspects and 
special problems. Academic Publishing, Amsterdam.  
Pyšek, P., D. M. Richardson, M. Rejmánek, G. L. Webster, M. Williamson, and J. 
Kirschner. 2004. Alien plants in checklists and floras: towards better 
communication between taxonomists and ecologists. Taxon 53:131-143. 
Randall, J. M. 1996. Weed control for the preservation of biodiversity. Weed Technology 
10:370-383. 
Randall, R. P. 2002. A global compendium of weeds. Missouri Botanical Garden Press, 
Melbourne. 
Reaser, J. K., L. A. Meyerson, Q. Cronk, M. De Poorter, L. G. Eldredge, E. Green, M. 
Kairo, P. Latasi, R. N. Mack, J. Mauremootoo, D. J. O'Dowd, W. Orapa, S. 
Sastroutomo, A. Saunders, C. Shine, S. Thrainsson, and L. Vaiutu. 2007. 
Ecological and socioeconomic impacts of invasive alien species in island 
ecosystems. Environmental Conservation 34:1-14. 
Reichard, S. H. and C. W. Hamilton. 1997. Predicting Invasions of woody plants 
introduced into North America. Conservation Biology 11:193-203. 
Reinhardt, A. C. and S. M. Galatowitsch. 2008. The transition from invasive species 
control to native species promotion and its dependence on seed density thresholds. 
Applied Vegetation Science 11:131-138. 
Rejmánek, M. and M. J. Pitcairn. 2002. When is eradication of pest plants a realistic goal. 
Pages 249-253 in D. Veitch and M. Clout, editors. Turning the tide: the 
eradication of invasive species. Invasive Species Specialty Group of the World 
Conservation Union (IUCN), Auckland, New Zealand. 
Rejmánek, M. and D. M. Richardson. 1996. What attributes make some plant species 
more invasive? Ecology 77:1655-1661. 
Rentería, J., R. Atkinson, and C. Buddenhagen. 2007. Estrategias para la erradicación de 
21 especies de plantas potencialmente invasoras en Galápagos. Charles Darwin 
Foundation. Galapagos, Ecuador  
Rentería, J. L. and C. E. Buddenhagen. 2006. Invasive plants in the Scalesia pedunculata 
forest at Los Gemelos, Santa Cruz, Galapagos. Galapagos News 64:31-35. 
Ricard, J.-P. and C. Messier. 1996. Abundance, growth and allometry of red raspberry 
(Rubus idaeus L.) along a natural light gradient in a northern hardwood forest. 
Forest Ecology and Management 81:153-160. 
Rice, P. M. and J. C. Toney. 1998. Exotic weed control treatments for conservation of 
fescue grassland in Montana. Biological Conservation 85:83-95. 
Rice, P. M., J. C. Toney, D. J. Bedunah, and E. C. Clinton. 1997. Plant community 
diversity and growth form responses to herbicide applications for control of 
Centaurea maculosa. Journal of Applied Ecology 34:1397-1412. 
References 
118 
 
Richardson, D. 1989. Reductions in plant species richness under stands of alien trees and 
shrubs in the fynbos biome south africa. Suid-Afrikaanse Bosboutydskrif:1-8. 
Richardson, D. and R. Kluge. 2008. Seed banks of invasive Australian Acacia species in 
South Africa: role in invasiveness and options for management. Perspectives in 
Plant Ecology, Evolution and Systematics 10:161-177. 
Richardson, D. and P. Pyšek. 2006. Plant invasions: merging the concepts of species 
invasiveness and community invasibility. Progress in Physical Geography 30:409-
431. 
Richardson, D. and B. van Wilgen. 2004. Invasive alien plants in South Africa: how well 
do we understand the ecological impacts? South African Journal of Science 
100:45-52. 
Richardson, D. M., P. Pyšek, M. Rejmanek, M. G. Barbour, F. D. Panetta, and C. J. West. 
2000. Naturalization and invasion of alien plants: concepts and definitions. 
Diversity and Distributions 6:93-107. 
Schmidt, C. 2008. Competitive abilities of native grasses and non-native (Bothriochloa 
spp.) grasses. Plant Ecology 197:69-80. 
Schoener, T. W. 1983. Field experiments on interspecific competition. The American 
Naturalist 122:240-285. 
Seabloom, E. W. 2003. Competition, seed limitation, disturbance, and reestablishment of 
California native annual forbs. Ecological Applications 13:575. 
Sheley, R. 2006. Potential for successional theory to guide restoration of invasive-plant-
dominated rangeland. Ecological Monographs 76:365-379. 
Sheley, R. and J. Krueger-Mangold. 2003. Principles for restoring invasive plant-infested 
rangeland. Weed Science 51:260-265. 
Shimizu, Y. 1997. Competitive relationships between tree species of Scalesia (S. 
pedunculata, S.cordata, S. microcephala) and introduced plants (Cinchona 
succirubra, Psidium guava, Lantana camara) with reference to regeneration 
mechanism of Scalesia forests in the Galápagos Islands. Regional Views- 
Komazawa Univ. Tokyo 11:23-172. 
Simberloff, D. 1995. Why do introduced species appear to devastate islands more than 
mainland areas? Pacific Science 49:87. 
Simberloff, D. 2003. Eradication- preventing invasions at the outset. Weed Science 
51:247-253. 
Simberloff, D., I. M. Parker, and P. N. Windle. 2005. Introduced species policy, 
management, and future research needs. Frontiers in Ecology and the 
Environment 3:12-20. 
Simberloff, D. and P. Stiling. 1996. Risks of species introduced for biological control. 
Biological Conservation 78:185-192. 
Simkin, T. 1984. Geology of the Galapagos. Biological Journal of the Linnaean Society 
21:61-75. 
Soria, M. 2006. Avian seed dispersers of the invasive Rubus niveus (Rosaceae) in Santa 
Cruz Island, Galapagos, Ecuador. St. Louis. University of Missouri-St. Louis, St. 
Louis. 
Svejcar, T. 2003. Applying ecological principles to wildland weed management. Weed 
Science 51:266-270. 
References 
119 
 
Tappeiner, J., J. Zasada, P. Ryan, and M. Newton. 1991. Salmonberry clonal and 
population structure: the basis for a persistent cover. Ecology 72:609-618. 
Tassin, J., C. Lavergne, S. Muller, V. Blanfort, S. Baret, T. Le Bourgeois, J. Triolo, and J. 
N. Riviere. 2006. Assessment of ecological consequences of plant invasions on 
Réunion Island (Mascarene Archipelago, Indian Ocean). Revue d'Ecologie - La 
Terre et la Vie  61:35-52. 
Thuiller, W. 2006. Interactions between environment, species traits, and human uses 
describe patterns of plant invasions. Ecology 87:1755. 
Tilman, D. 1987. Secondary succession and the pattern of plant dominance along 
experimental nitrogen gradients. Ecological Monographs  57:189-214. 
Tilman, D. 1997. Community invasibility, recruitment limitation, and grassland 
biodiversity. Ecology 78:81-92. 
Timmins, M. and K. G. McAlpine. 2008. Do weed managers need to know about weed 
impacts? 26. Queensland Weed Society, Queensland. 
Turner, P. J., J. K. Scott, and H. Spafford. 2008. The ecological barriers to the recovery 
of bridal creeper (Asparagus asparagoides (L.) Druce) infested sites: impacts on 
vegetation and the potential increase in other exotic species. Austral Ecology 
33:713-722. 
Tye, A. 2001. Invasive plant problems and requirements for weed risk assessment in the 
Galápagos islands. Page 153−175 in R. H. Groves, F. D. Panetta, and J. G. Virtue, 
editors. Weed risk assessment. CSIRO Publishing, Melbourne. 
Tye, A. 2006. Restoration of the vegetation of the dry zone in Galápagos. Lyonia 9:29. 
Tye, A. 2007. Cost of rapid-response eradication of a recently introduced plant, tropical 
kudzu (Pueraria phaseoloides), from Santa Cruz Island, Galapagos. Plant 
Protection Quarterly 22:33-34. 
Tye, A., M. Soria, and M. Gardener. 2001. A strategy for Galapagos weeds. in 
"Eradication of Island Invasives: Practical Actions and Results Achieved". IUCN, 
Species Survival Commission, Invasive Species Specialist Group, Auckland. 
Tye, A.  2003. Plant research for conservation in Galapagos. Report for the years 1998-
2003. Charles Darwin Foundation for the Galapagos Islands. Puerto Ayora, 
Galapagos, Ecuador. 
Vasquez, E., James, J., Monaco, T., Cummings, D.C. 2010. Invasive plants on 
Rangelands: a global threat. Rangelands. 32:3-5.  
Vieira, D. C. M., F. Socolowski, and M. Takaki. 2010. Seed germination and seedling 
emergence of the invasive exotic species, Clausena excavata. Brazilian Journal of 
Biology 70:1015-1020. 
Vilà, M., J. L. Espinar, M. Hejda, P. E. Hulme, V. Jarošík, J. L. Maron, J. Pergl, U. 
Schaffner, Y. Sun, and P. Pyšek. 2011. Ecological impacts of invasive alien 
plants: a meta-analysis of their effects on species, communities and ecosystems. 
Ecology Letters 14:702-708. 
Vilà, M., M. Tessier, C. M. Suehs, G. Brundu, L. Carta, A. Galanidis, P. Lambdon, M. 
Manca, F. Medail, E. Moragues, A. Traveset, A. Y. Troumbis, and P. E. Hulme. 
2006. Local and regional assessments of the impacts of plant invaders on 
vegetation structure and soil properties of Mediterranean islands. Journal of 
Biogeography 33:853-861. 
References 
120 
 
Vilà, M. and J. Weiner. 2004. Are invasive plant species better competitors than native 
plant species? Evidence from pair-wise experiments. Oikos 105:229-238. 
Vilà , M. 2007. Does invasion by an alien plant species affect the soil seed bank? Journal 
of Vegetation Science 18:423. 
Vitousek, P. M., C. M. D'Antonio, L. L. Loope, M. Rejmánek, and R. Westbrooks. 1997. 
Introduced species: a significant component of human-caused global change. New 
Zealand Journal of Ecology 21:1-16. 
Vitousek, P. M., C. M. D'Antonio, L. L. Loope, and R. Westbrooks. 1996. Biological 
invasions as global environmental change. American Scientist 84:468-478. 
Vitousek, P. M., L. R. Walker, L. D. Whiteaker, D. Muellerdombois, P. A. Matson, and 
D. Mueller Dombois. 1987. Biological invasion by Myrica faya alters ecosystem 
development in Hawaii. Science 238:802-804. 
Von Holle, B. and D. Simberloff. 2005. Ecological resistance to biological invasion 
overwhelmed by propagule pressure. Ecology 86:3212-3218. 
Wagner, W. L., D. R. Herbst, and S. H. Sohmer. 1999. Manual of the flowering plants of 
Hawaii. University of Hawaii Press, Honolulu. 
Weber, E. 2003. Invasive plant species of the world: a reference guide to environmental 
weeds CABI Publishing, Wallingford. 
Whitney, G. 1986. A demographic analysis of Rubus idaeus L. and Rubus pubescens 
Canadian Journal of Botany 64:2916-2921. 
Wiggins, I. L. and D. M. Porter. 1971. Flora of the Galápagos Islands. Stanford 
University Press, Stanford. 
Wijdeven, S. M. J. and M. E. Kuzee. 2000. Seed availability as a limiting factor in forest 
recovery processes in Costa Rica. Restoration Ecology 8:414-424. 
Wilkinson, S. R. 2002. Management of elephant grass and restoration of moist evergreen 
forest in abandoned pastures, Galapagos Islands, Ecuador. University of Alberta, 
Edmonton, Alberta, Canada. 
Wilkinson, S. R., M. A. Naeth, and F. K. A. Schmiegelow. 2005. Tropical forest 
restoration within Galapagos National Park: application of a state-transition 
model. Ecology and Society 10:28. 
Williamson, M. 1996. Biological invasions. Chapman & Hall, New York. 
Williamson, M. H. and A. Fitter. 1996. The characters of successful invaders. Biological 
Conservation 78:163-170. 
Wittenberg, R. and M. J. W. Cock. 2001. Invasive alien species: a toolkit of best 
prevention and management practices. CAB International Wallingford. 
Woldendorp, G., M. Bomford, S. Barry, F. D. Panetta, and D. Cunningham. 2004. 
Development of strategies for eradication of selected agricultural sleeper weeds. 
Pages 492-495. Weed Society of New South Wales, Sydney. 
Zavaleta, E. 2000. The economic value of controlling an invasive shrub. Ambio 29:462-
467. 
Zavaleta, E. S., R. J. Hobbs, and H. A. Mooney. 2001. Viewing invasive species removal 
in a whole-ecosystem context. Trends in Ecology and Evolution 16:454-459. 
 
